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ABSTRACT 


The  results  of  the  reduction  and  analysis  of  data  obtained  from 

instrumentation  flown  on  the  Air  Force  Satellite  Hitch-hiker  I  (1963-25B) 

are  presented.  The  instrumentation  included  two  electrostatic  analyzers 

(one  for  electrons,  15  to  100  kev,  the  other  for  protons,  15  to  100  kev); 

a  scintillation  spectrometer  (for  electrons,  0.  7  to  4.  0  Mev);  a  phoswich 

scintillation  spectrometer  (for  protons  1.  to  5.  Mev  and  7.  5  to  120  Mev); 

and  a  Geiger  counter  (electrons  greater  than  4.  Mev,  protons  greater 

than  40.  Mev).  Detailed  data  on  integral  energy  spectra,  pitch  angle 

distributions,  and  perpendicular  unidirectional  intensities,  as  functions 

of  B,  L  (or  X  ,  L)  and  time  are  given  in  five  papers  appended  to  this 

report.  No  substantial  intensities  of  protons,  15  to  100  kev,  were 

observed.  Electrons,  15  to  10C  kev,  were  observed  with  intensities 

as  great  as  2  x  10  /cm  -sec-ster-kev  at  40  kev,  but  the  anomalous  angular 

distributions  obtained  cast  doubt  on  the  credibility  of  these  data.  Peak 

6 

inner  belt  intensities  for  electrons  above  1  Mev  were  about  5  x  10 
2 

electrons/cm  sec  ster  at  L  *  1.  6.  Spectra  were  of  the  shape  exp(-E/EQ), 

with  0.  7  <  E  <1.2  Mev.  Outer  belt  intensities  fluctuated  substantially, 

—  o  — 

with  severe  depletions  at  times  of  magnetic  and  solar  activity,  and 

subsequent  recoveries  in  periods  of  a  few  to  several  days.  Maximum 

observed  intensities  of  electrons  above  1  Mev  at  the  horns  of  the  outer 

5  2 

belt  at  L  «  4.  5  were  about  10  electrons/cm  sec  ster.  Loss  of  outer 
belt  electrons  through  dumping  at  high  latitudes  in  the  Anomaly  was 
detected  at  rates  up  to  2  x  1011  ergs  /sec.  Outer  belt  spectra  between 
0.  7  and  4  Mev  were  also  approximately  exponential,  with  Eq  =  0.  4  + 0. 1  Mev. 
No  drastic  spectral  shape  changes  were  seen  accompanying  the  observed 
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intensity  variations.  The  protons  defined  two  belts,  with  hearts  at 
L  ~  1.  6  and  L  ~  4.  5,  and  a  slot  at  L  ~  3.  0.  The  integral  spectra 
observed  were  all  similar  in  shape,  with  approximately  an  expon¬ 
ential  energy  dependence.  The  spectra  tended  to  be  much  steeper 
than  electron  spectra  in  the  same  energy  range  in  the  inner  belt. 

Typical  measured  omnidirectional  intensities  for  energy  E  >  2  Mev 

8  2  o  6  2 

were  10° /cm*  sec  at  (L,  X  )  *  (1.  6,  8  )  and  2  x  10  /cm  sec  at 

(L,  X  )  »(4.  5k  55°),  higher  than  values  of  other  observers,  for  reasons 

which  appear  to  be  instrumental.  All  electron  and  proton  pitch 

angle  distributions  observed  with  the  scintillation  spectrometers  were 

peaked  at  90°  and  had  cutoffs  consistent  with  theory.  Data  on 

electrons  0.  7  to  4.  Mev  and  protons  1.  5  to  4.  Mev  are  summarized 

in  the  main  body  as  iso-intensity  contours  of  perpendicular  unidirectional 

intensities  on  rectangular  B,  L  plots. 
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i.  imopvsiioy 


1.  1  Launch  and  Orbital  Information 

The  Air  Force  sub-satellite  Hitch-hiker  I  (1963-25B)  was 
launched  on  1  July  1963  into  a  near  polar  orbit  of  82.  14°  inclination  with 
perigee  at  326  km  and  apogee  at  4150  km.  The  angle  between  the 
ascending  node  of  the  orbit  and  the  Earth-Sun  line  was  initially  about  63°, 
and  regressed  at  a  rate  of  approximately  (-1  ^2°)  per  day.  The  orbital 
period  was  133  minutes.  The  sub-satellite  was  spin-stabilized  at  68  rpm 
with  its  axis  of  rotation  at  an  angle  of  about  25°  to  the  axis  of  the  Earth. 

The  satellite  orbit  covered  a  substantial  portion  of  the  inner  belt, 
from  R  *  1.  0  near  perigee  to  R  *  1. 7  at  apogee.  The  satellite  also 
penetrated  the  horns  of  the  outer  belt.  Since  the  apogee  of  the  orbit 
was  on  the  sunlit  side  of  the  Earth,  the  deepest  penetration  into  the 
outer  belt  (and  therefore  most  of  the  data)  corresponded  to  local  daytime. 

1. 2  Instrumentation 

Detailed  descriptions  of  the  instruments  on  board  Hitch-hiker  I 
are  included  in  document  AFCRL-  64-435,  listed  in  Section  1.4.  There 
we  will  merely  enumerate  the  instruments  and  give  some  of  their  chief 
characteristics. 

(1)  Electron  Electrostatic  Analyzer:  angular  aperture  about 

o  o  2 

8.5  x  8.  0  and  geometrical  factor  AA  *  0.  2  cm  ster;  this  instrument  gives 

differential  energy  spectra  of  electrons  between  15  and  100  kev,  with  an 

energy  resolution  of  about  15%  and  a  dynamic  range  from  2  x  105  to 

5  x  10***  fcev/cm^sec  ster. 
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(2)  Proton  Electrostatic  Analyzer:  detects  15  to  100  kev 
protons;  other  characteristics  same  as  previous  instrument. 

(3)  Electron  Scintillation  Spectrometer:  angular  aperture 

o  2 

approximately  25  cone  (FWHM)  and  Aft*  0.  12  cm  ster.  The  "count 

rate  channel"  gives  integral  energy  spectra  of  electrons  between  0.  7 

6  2 

Mev  and  4  Mev,  with  a  dynamic  range  from  8  x  10  to  10  electrons/cm  sec  ster. 

The  "rate  of  energy  deposition  channel"  measures  the  rate  of  energy 

deposition  by  electrons  above  approximately  0.  15  Mev,  with  a  dynamic 
2  8  2 

range  from  8  x  10  to  8  x  10  Mev/cm  sec  ster. 

(4)  Proton  Scintillation  Spectrometer:  angular  aperture 

o  -4  2 

approximately  an  8  cone  and  Aft  «  8.4  x  10  cm  ster.  The  "low 

energy  channel"  gives  integral  energy  spectra  of  protons  between  about 

4  8 

1.  5  and  4  Mev,  with  a  dynamic  range  from  1.  2  x  10  to  2  x  10  protons/ 

2 

cm  sec  ster.  The  "high  energy  channel"  gives  integral  energy  spectra  of 
protons  between  7.  5  and  120  Mev,  with  a  dynamic  range  from  0  to  4  x  105 
protons/ cm ^ sec  ster. 

2 

(5)  Geiger  Counter:  geometrical  factor  Aft  *  1  cm  ster. 

This  instrument  detects  electrons  of  energies  above  approximately  4  Mev  and 

4  2 

protons  above  40  Mev,  with  a  dynamic  range  from  10  to  2  x  10  particles /cm 
sec  ster. 

(6)  Two  three-axis  flux  gate  magnetometers  used  for  aspect 
determination.  Ranges:  -600  to  +600  milligauss  and  -200  to  +200  milligauss. 

1.  3  Methods  of  Data  Analysis 

The  data  obtained  from  about  50  orbits  in  July  and  August  1964 
were  analyzed  with  the  help  of  the  computer  program  discussed  in  detail 
in  the  report  ASE-909  listed  in  Section  1.  4. 
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Besides  extracting  and  presenting  the  data  from  a  desired  instrument 
for  any  specific  times,  in  the  pertinent  absolute  units,  the  program  also 
calculated  the  satellite  aspect,  and  determined  the  pitch  angle  corresponding 
to  each  datum  from  the  magnetometer  readings  and  timing  data.  The  pitch 
angle  d  corresponding  to  a  rotating  vector  a  (perpendicular  to  the  spin  axis 
J)  can  be  determined  uniquely  by  knowing  the  angle  y  between  J  and  the 
local  magnetic  field  B,  and  the  angle  j>  (a  function  of  time)  between  a 
and  the  intersection  of  the  plane  normal  to  J  with  the  plane  of  B  and  J. 

(See  Figure  1). 

The  angle  y  was  calculated  using  the  measured  components  of  B; 
a  flux  gate  magnetometer  of  each  set  had  it  s  axis  parallel  to  the  satellite 
spin  axis.  The  magnitude  of  the  field  expected  from  the  satellite  ephemeris 
served  as  a  check  on  the  magnetometer  accuracies.  The  time  of  minimum 
pitch  angle,  and  the  angle  w(t  -  tQ)  were  determined  by  fitting  the  readings 
of  the  two  magnetometers  of  each  set  whose  axes  were  perpendicular  to  the 
spin  axis  (and  to  each  other)  to  the  functional  form  expected  from  the 
rotation  of  the  satellite.  The  accuracy  of  the  least  squares  fits  used,  as 
estimated  comparing  aspects  obtained  from  the  two  magnetometer  sets 
independently,  was  within  a  few  degrees.  The  angle  y  was  known  with 
an  uncertainty  of  about  10°,  judging  from  the  scatter  of  the  obtained  values. 
The  uncertainties  in  the  calculated  pitch  angles  therefore  range  from  a  few 
degrees  around  90°  pitch  angle  to  about  10°  at  0°  or  180°.  Detailed  informa¬ 
tion  on  the  computational  methods  employed  in  the  computer  program,  includ¬ 
ing,  for  example,  noise  rejection  standards,  are  contained  in  the  report 
ASE-909. 

Data  could  be  obtained  from  the  computer  in  various  formats,  suitable 
for  different  purposes.  For  example,  a  condensed  format  giving  instrument 
outputs  at  a  selected  energy  and  at  90°  pitch  angle  for  the  scintillation 
spectrometers,  or  at  maxima  and  mininu.  of  the  electrostatic  analyzers  outputs, 
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was  very  useful  in  surveying  the  data  in  a  concise  form.  Such  printouts 
have  been  obtained  and  compiled  into  books  for  all  the  instruments  and 
all  available  orbits.  Detailed  printouts  giving  all  the  data,  with  energy 
and  pitch  angle  information,  were  obtained  for  specific  time  periods  of 
interest,  where  energy  spectra  and  pitch  angle  distributions  were  desired. 

1.4  Pertinent  Documentation 

The  following  documents  were  generated  under  Contract 
AF  19  (628)  -  2392,  which  concerned  primarily  the  design,  development, 
and  fabrication  of  the  instruments: 

(1)  F.  R.  Paolini,  J.  Waters;  ASE-503,  24  January  1964 
"Preliminary  Analysis  of  Data  Obtained  from  Air  Force 
Satellite  19  6 3-2 5B.  " 

(2)  F.  R.  Paolini,  R.  Giacconi,  J.  R.  Waters,  T.  G.  Quinn;  ASE- 
546,  AFCRL-64-435,  27  May  1964,  "A  Research  Program  To 
Investigate  the  Charged  Particle  Flux  in  the  Near-Earth 
Magnetosphere  From  A  P-11  Sub-Satellite  "  (Final  Report). 

(3)  F.  R.  Paolini,  R.  Giacconi,  J.  R.  Waters,  L.  Kate,  D.  Smart; 

Space  Research  V,  466  (1965),  Proceedings  of  the  Fifth 
International  Space  Science  Symposium,  Florence,  May  8  -  20, 
1964. 

(4)  M.  Bate;  ASE-470,  29  November  1963;  "IBM  7090  Program  to 
Process  Digitized  Data  Tapes  from  Satellite  1963-25B". 

25  copies  of  documents  (1),  (2)  and  (4)  were  submitted  to  AFCRL.  The  follow¬ 
ing  documents  were  generated  under  this  current  contract,  AF  19  (628)  -  4207. 

(1)  F.  R.  Paolini,  R.  Giacconi,  J.  R.  Waters,  L.  Katz,  D.  Smart; 
ASE-646,  October  1964,  "Measurements  on  Differential 
Energy  Spectra  of  Electrons  (15  to  100  kev)  in  the  Magnetosphere.  " 
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(2)  L.  Katz,  G.  C.  Theodoridis,  F.  R.  Paolini,  "Effect  of  a 
Solar  Flare  on  the  Outer  Radiation  Belt.  "  Paper  presented 
at  the  Forty-sixth  Annual  Meeting  of  the  American  Geo¬ 
physical  Union  at  Washington,  D.  C.  on  19  -  22  April  1965, 
and  abstracted  in  Transactions,  AGU,  Vol.  4,6  p.  137  (1965). 

An  earlier  version  of  this  paper  appeared  as: 

F.  R.  Paolini,  G.  C.  Theodoridis,  "Effect  of  a  Solar  Flare 
on  Electrons  in  the  Outer  Radiation  Belt.  "  Paper  presented  at 
the  1965  Annual  Meeting  of  the  American  Physical  Society, 

New  York,  27  -  30  January  1965,  and  abstracted  in  Bulletin  of 
the  American  Physical  Society,  Series  II,  Vol.  10.  p.  14  (1965). 

(3)  F.  R.  Paolini,  G.  C.  Theodoridis,  "Measurements  on  0.  7  to  4 
Mev  Electrons  in  the  Radiation  Belts  from  Hitch-hiker  I.  " 

Paper  presented  at  the  Forty-sixth  Annual  Meeting  of  the 
American  Geophysical  Union,  Washington,  19  -  22  April  1965, 
and  abstracted  in  Transactions,  AGU,  Vol.  46  p.  136  (1965). 

(4)  G.  C.  Theodoridis,  F.  R.  Paolini,  "Measurements  on  1  to  4  Mev 
Protons  in  the  Radiation  Belts.  "  Paper  presented  at  Forty-sixth 
Annual  Meeting  of  the  American  Geophysical  Union  at  Washington, 
D.  C.  on  19  -  22  April  1965,  and  abstracted  in  Transactions, 

AGU,  Vol.  46  p.  136  (1965). 

(5)  G.  C.  Theodoridis,  F.  R.  Paolini,  L.  Katz,  D.  Smart;  ASE-992, 
August  1965;  "A  Study  of  Energetic  Electrons  in  the  Radiation 
Belts  with  Hitch-hiker  I"  Paper  presented  to  the  Advanced  Study 
Institute  ("Radiation  Trapped  in  the  Earth's  Magnetic  Field") 

at  the  Christian  Michelsen  Institute  in  Bergen,  Norway,  on 
16  August  -  3  September  1965. 
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(6)  M.  Bate;  ASE-90S,  15  May  1965  "Computer  Program  (For 

IBM  7090)  to  Aid  in  the  Analysis  of  Results  from  Hitch-hiker 
I  (1963-25B). 

Documents  (1)  through  (5)  listed  above  are  appended  to  this  report.  25 

copies  of  document  (6)  were  submitted  to  AFCRL 
1.  5  Organization  of  the  Report 

This  report  contains,  as  appendices  A  through  E,  five  papers 
written  during  the  analysis  of  Hitch-hiker  I  data.  In  the  subsequent 
section  2. .  which  is  a  discussion  of  the  results  of  data  analysis,  material 
contained  in  the  appendices  will  not  therefore  be  repeated.  However,  new 
interpretations  of  some  of  the  previous  results  are  Included  in  the  discussion, 
and  references  to  the  pertinent  papers  in  the  appendices  are  given.  A  general 
summary  of  results  is  given  at  the  end  of  this  report. 
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2.  DISCUSSION 


2. 1  Electron  Electrostatic  Analyzer 

Electron  data  obtained  from  the  electrostatic  analyzer  yield 
reasonable  intensity  levels  and  differential  energy  spectra  for  the  energy 
range  15  to  100  kev.  A  preliminary  discussion  on  these  data  is  given  in 
Appendix  E.  Major  difficulties  arise  however  in  the  interpretation  of  the 
pitch  angle  distributions  obtained.  The  observed  angular  distributions  in 
certain  instances  do  not  present  the  azimuthal  symmetry  expected  for 
charged  particles  in  a  magnetic  field.  The  data  nevertheless  exhibit  syste 
matic  patterns  with  a  high  degree  of  reproducibility. 

Figure  2  gives  a  summary  of  the  recorded  unidirectional  intensities 
at  an  energy  level  of  40  +  5  kev  over  one  orbit  on  3  July  1963.  Curves  a 
and  b  give  the  maximum  and  minimum  Intensities  recorded  during  the 
satellite  rotation.  Also  included  in  the  figure  are  the  values  of  the  geo¬ 
magnetic  coordinates  L  and  X,  the  geographic  latitude,  the  satellite 
altitude,  and  the  angle  y  between  the  satellite  spin  axis  and  the  local 
magnetic  field.  The  shaded  bar  indicates  the  dark  portion  of  the  orbit. 

The  counting  rate  of  the  Geiger  counter  is  also  given  as  a  measure  of  the 
penetrating  radiation  present. 

Several  regions  with  rather  distinct  spectra  and  pitch  angle  distribu¬ 
tion  patterns  can  be  distinguished  in  any  one  orbit.  During  the  apogee 
crossing  through  the  heart  of  the  inner  beit  (UT  around  63000  sec  and 
71000  sec  in  Figure  2)  large  minimum  and  maximum  intensities  are 
recorded.  The  pitch  angle  distributions  in  these  regions  are  rather  flat 
as  illustrated  in  Figure  3a.  This  suggests  that  the  high  intensities 
recorded  at  the  heart  of  the  inner  belt  may  be  due  to  energy  deposition  by 
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Fig.  3  Low  Energy  Electrons,  $  25 


energetic  particles  which  penetrate  the  shielding  of  the  electrostatic  analyzer. 

2 

Minimum  shielding  was  about  5g/cm  equivalent  to  the  range  of  about  10  Mev 

2 

electrons  and  65  Mev  protons)  over  approximately  2  cm  -  ster  of  this  instrument, 

2 

compared  to  the  geometrical  factor  of  Aft  «  0.  2  cm  ster.  The  observed  peak 

intensities  at  the  heart  of  the  inner  belt  can  be  approximately  accounted  for  by 

the  high  energy  protons  present  in  the  inner  belt,  which  probably  make  the  main 

2 

contribution  in  energy  deposition  in  the  0.  1  g/cm  plastic  scintillator. 

Figure  3b  gives  the  energy  spectra  of  the  maximum  and  minimum  intensities 
from  the  electron  ESA  near  the  heart  of  the  inner  belt.  For  a  rate  of  energy  input 
independent  of  the  plate  sweep  voltage,  such  as  a  contribution  from  penetrating 
particles,  the  apparent  energy  spectrum  would  be  proportional  to  1/E(E  +  10) 

(this  is  the  energy  dependent  part  of  the  factor  by  which  measured  energy 
deposition  rates  in  the  scintillator  are  multiplied  to  be  translated  into  intensities 
of  particles  per  unit  energy.)  The  spectra  derived  at  the  heart  of  the  inner  belt 
(Figure  3b)  present  a  monotonlcally  decreasing  pattern  but  often  they  are  somewhat 
flatter  than  1/E(E  Jr  10)  (dotted  curve  in  Figure  3b).  This  indicates  contributions 
besides  those  from  high  energy  penetrating  particles. 

High  Geiger  tube  counting  rates  are  not  always  accompanied  by  high 
ESA  intensities  with  little  pitch  angle  modulation.  This  is  not  surprising  since 
the  composition  of  the  penetrating  component  may  be  different  at  various  locations 
and  consequently  the  response  of  the  two  detectors  can  also  be  different.  The 
ESA  readings  usually  indicate  no  significant  penetration  through  the  shielding  in 
regions  of  high  Geiger  tube  counting  rates  in  the  outer  belt  (where  the  trapped 
radiation  is  predominantly  electrons).  This  therefore  suggests  that  the  main 
contribution  rate  of  energy  deposited  by  penetrating  particles  at  apogee 
passes  through  the  inner  belt  is  due  to  high  energy  inner  belt  protons. 

In  the  polar  portions  of  the  orbits  (UT  65000  -  66000  sec  and  68000  - 
69000  sec  in  Figure  2)  the  typical  pattern  consists  of  low  minimum  intensi¬ 
ties  (close  to  the  lowest  limit  of  sensitivity  imposed  by  the  photomultiplier 
dark  current)  and  high  maximum  intensities  in  the  sunlit  portions,  dropping 
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abruptly  to  about  the  level  of  the  minimum  intensity  at  the  transition  to  darkness 
(For  example,  at  UT  *  65800  sec  in  Figure  2).  The  pitch  angle  distributions  in 
these  regions  are  rather  flat  except  for  a  sharp  peak  corresponding  approximately 
to  the  direction  of  the  Sun;  Figure  4a  illustrates  this.  The  energy  spectra,  as 
shown  in  Figure  4b,  have  about  the  form  to  be  expected  for  a  constant  rate  of  energy 
input,  independent  of  the  plate  voltage  (i.  e. ,  a  1/E(E  +  10)  shape).  It  therefore 
appears  that  in  the  polar  regions  the  electron  ESA  does  not  measure  anything 
significantly  above  its  lowest  limit  of  sensitivity,  apart  from  an  apparent  constant 
rate  of  energy  input  when  looking  in  the  direction  of  the  Sun.  This  is  consistent 
with  the  ESA's  detector  being  slightly  light  sensitive. 

In  the  portion  between  the  heart  of  the  inner  belt  and  the  polar  region 
(around  UT  ~  64000  sec  and  69000  sec  in  Figure  2)  the  electron  ESA 
intensity  decreases  while  the  pitch  angle  distributions  remain  relatively  flat; 

(see  Figure  5a).  The  energy  spectra  as  given  in  Figure  5b  (maximum  and 
minimum  curves)  are  flat  and  quite  divergent  from  the  1/E(E  +  10)  form. 

This  indicates  that  the  detector  readings  are  due  to  an  input  sensitive  to  the 
plate  voltage.  The  smooth  transition  from  the  spectral  shape  of  Figure  5a 
to  that  if  Figure  3a  which  is  closer,  but  still  flatter  than  1/E(E  +  10),  shows 
that  the  electron  ESA  readings  in  the  inner  belt  cannot  be  fully  accounted  for 
by  penetrating  energetic  particles  alone. 

The  most  puzzling  pattern  of  the  ESA  results  is  observed  in  a  region 
centered  around  the  dark  portion  of  each  orbit  (about  UT  66000-67000  in 
Figure  2).  A  marked  increase  in  the  maximum  and  minimum  intensities  occurs  in 
this  region.  Pitch  angle  distributions  indicate  a  pronounced  azimuthal 
asymmetry  by  their  shapes  (an  ellipse,  as  in  Figures  6a  and  8a;  or  an  ellipse 
plus  a  sharp  peak1  as  in  Figure  7a).  The  direction  corresponding  roughly  to 
the  major  axis  of  the  ellipse  is  about  40°  to  the  East  of  the  zenith  vector,  while 
the  direction  of  the  sharp  peak,  whenever  it  is  present  (Figure  7a)  is  toward  the  sky. 

Energy  spectra  in  this  region  are  invariably  inconsistent  with  a 
constant  rate  of  energy  input  curve  (1/E(E  +  10).  Sometimes  both  the 
maximum  and  minimum  intensity  curves  are  rather  flat  with  a  broad  maximum 
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around  40  kev  falling  off  at  lower  energies  (e.g. ,  see  Figure  6b),  while 
at  other  times  the  maximum  curve  has  this  shape  and  the  minimum  curve  is 
approximately  1/E(E  +  10),  consistent  with  a  minimum  due  to  the  photo¬ 
multiplier  dark  current  (e.g.,  see  Figures  7b  and  8b). 

The  region  where  the  behavior  described  is  observed  is  around  the 
perigee  crossing  of  the  inner  belt,  although  its  extent  cannot  be  determined 
in  terms  of  the  usual  geomagnetic  coordinates.  It  is  approximately  centered 
around  the  dark  portion  of  the  orbit,  beginning  about  100  to  500  sec  after 
the  onset  of  darkness,  and  ending  about  500  sec  before,  to  200  sec  after, 
the  onset  of  light. 

The  extent  of  the  pitch  angle  modulation  does  not  depend  on  the  angle 
Y  of  the  spin  axis  of  the  satellite  to  the  local  magnetic  field.  In  Figure  9 
we  have  the  pitch  angle  distribution  and  the  energy  spectrum  in  a  situation 
when  the  pitch  angles  scanned  by  the  axis  of  the  field  of  view  differ  among 
themselves  far  less  than  the  opening  of  the  instrument.  A  large  angular 
modulation  is  nonetheless  observed. 

The  possibility  that  the  aspect  determination  might  be  at  fault  is 
ruled  out  by  the  behavior  of  the  outputs  of  other  instruments  on  board. 

In  Figure  10  the  highly  modulated  output  of  the  electron  ESA  (Figure  10a) 
is  contrasted  to  the  simultaneous  readings  of  the  electron  scintillation 
spectrometer  (Figure  10b).  The  spectrometer  readings  are  seen  to  be  consis¬ 
tent  with  the  small  value  of  y »  yielding  only  the  top  portion  of  the  sharply 
peaked  pitch  angle  distribution  shown  complete  for  a  different  point  on  the 
same  orbit  in  Figure  10c.  It  should  be  noted  here  that  the  spectrometer 
field  of  view  is  much  narrower  than  that  of  the  ESA,  which  means  that  on 
simultaneous  readings  at  small  y  the  ESA  should  be  expected  to  produce 
less  angular  modulation  than  the  scintillator. 

We  therefore  conclude  that  in  the  dark  portion  of  the  orbit  we  observe 
angular  modulation  in  the  electron  ESA  readings  which  cannot  be  accounted 
for  by  charged  particles  in  the  magnetic  field.  On  the  other  hand,  some 
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Fig.  10  70  -  90  kev  Electrons,  4>431 


spectra  (Figures  5b  through  8b  inclusive)  are  definitely  not  of  the  form 
expected  for  a  constant  rate  of  energy  input,  indicating  that  the  instrument 
responds  to  something  sensitive  to  the  plate  sweep  voltage. 

Immediately  following  the  dark  portion  of  the  orbit  there  is  usually 
another  period  of  rather  high  maximum  and  minimum  intensities,  (e.  g. , 

U.T.  ~  67600  sec  in  Figure  2).  Spectra  in  this  region  are  flat  with  a  broad 
maximum  around  40  kev  (Figure  lib).  The  pitch  angle  distributions 
(Figure  11a)  do  not  present  the  elliptical  patterns  observed  in  the  dark 
portion  of  the  orbit. 

2.  2  Proton  Electrostatic  Analyzer 

For  the  data  obtained  from  the  proton  ESA,  the  maximum  and 
minimum  intensities  recorded  during  a  satellite  spin  had  an  energy  depen¬ 
dence  consistent  with  a  constant  rate  of  energy  input  independent  of  the 

2 

plate  sweep  voltage  (i.  e. ,  spectral  form  1/E  ).  It  appears  that  the 
output  of  this  instrument  can  be  accounted  for  by  energy  deposited  in  the 
scintillator  by  light  entering  the  aperture  and  to  some  extent,  by  high 
energy  particles  which  penetrate  the  shielding. 

Figure  12  is  a  summary  of  recorded  unidirectional  intensities  at 
40 ,+  5  kev.  Curves  a  and  b  give  the  maximum  and  minimum  intensities 
measured  during  the  satellite  rotation.  Also  included  are  the  values  of 
the  geomagnetic  coordinates  L  and  A.  The  shaded  bar  marks  the  dark 
portion  of  the  orbit.  The  counting  rate  of  the  Geiger  counter  is  given  also 
as  a  measure  of  the  penetrating  radiation  present. 

The  maximum  intensities  in  the  sunlit  portion  of  the  orbit  are  clearly 
attributable  to  sunlight  which  continuously  saturates  the  instrument 
(Figure  12,  curve  a).  The  minimum  intensity  (curve  b)  presents  a  peak 
in  the  regions  of  high  Geiger  tube  counting  rates  as  the  apogee  pass 
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through  the  heart  of  the  inner  belt  (around  UT  9000  sec  and  17000  sec). 

This  peak  can  be  attributed  to  energy  deposited  in  the  scintillator  by 
high  energy  particles  which  penetrate  the  shielding  around  the  instrument. 
Similar  peaks  were  recorded  by  the  electron  ESA  with  intensities  lower 
by  factors  of  50  to  100.  A  difference  in  response  is  to  be  expected  due 
to  the  different  scintillators  used  in  the  two  instruments.  Correlated 
variations  in  proton  ESA  and  Geiger  tube  counting  rates,  indicating 
shielding  penetration,  are  observed  at  the  perigee  pass  through  the  inner 
belt  (UT  "12000  to  13000  sec).  Some  penetration,  but  much  less  pronounced, 
is  occasionally  seen  also  during  outer  belt  passes  (e.  g. ,  UT  ~  13500 
in  Figure  12). 

During  the  rest  of  the  sunlit  part  of  the  orbit  the  minimum  intensity 
presents  fluctuations  which  can  be  understood  in  terms  of  the  orientation 
of  the  detector  with  respect  to  the  Sun  or  to  Sunlight  reflected  off  the  surface 
of  the  Earth. 

In  the  dark  part  of  the  orbit  the  maximum  intensity  is  very  low  and 
about  equal  to  the  minimum  intensity.  Occasionally  higher  maximum 
intensities  are  observed  (i.  e.  spikes)  in  the  direction  of  the  Moon. 

As  noted  before,  the  energy  spectra  are  always  close  to  the  for.n 

2 

1/E  expected  for  a  constant  rate  of  energy  input.  Figure  13  gives  two  such 

pairs  of  maximum  and  minimum  spectral  curves  in  the  light  (13a)  and  in 

2 

the  dark  (13b).  The  1/E  curve  is  given  also  for  comparison. 

A  typical  pitch  angle  distribution  in  the  Sun  is  given  in  Figure  14a. 

The  peak  corresponds  approximately  to  the  direction  of  the  Sun.  The 
observed  asymmetry  around  the  peak  can  be  understood  by  the  different 
exposure  of  the  scintillator  to  sunlight  through  satellite  geometry  and 
reflection  through  the  analyser  plates.  Occasionally  a  second  peak  due  to 
the  reflection  of  the  sunlight  off  in  the  ocean  can  also  be  seen.  During  the 
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dark  portion  of  the  orbit,  angular  modulation  is  usually  low  (Figure  14b); 
in  some  instances,  spikes  corresponding  to  the  direction  of  the  Moon  are 
recorded. 

2.  3  Electron  Scintillation  Spectrometer 

Results  from  the  electron  scintillation  spectrometer  are 
presented  in  Appendices  A,  C,  and  D;  A  being  the  most  comprehensive. 

In  Appendix  A,  data  from  the  rate  of  energy  deposition  channel  of  the 
instrument  have  been  used  in  regions  where  the  count  rate  channel  approached 
saturation. 

2.  4  Proton  Scintillation  Spectrometer  -  Low  Energy  Channel 

Data  obtained  from  this  instrument  are  presented  as  graphs  of 
unidirectional  intensity,  energy  spectra,  and  pitch  angle  distributions, 
in  Appendix  B.  The  intensity  levels  obtained  in  certain  regions  were 
substantially  higher  than  results  obtained  from  Relay  I  (Fillius  and  Mcllwain 
1964)  and  Injun  IV  (Krimigis  and  Van  Allen  1965).  We  will,  therefore,  consider 
the  possible  contamination  of  the  proton  spectrometer  data  by  electrons  entering 
through  the  main  aperture.  Note  that  the  sharp  angular  dependence  observed 
excludes  significant  contamination  from  omnidirectional  sources. 

In  order  for  a  particle  to  be  counted  in  the  low  energy  channel  of 

the  proton  spectrometer  it  would  have  to  deposit  all  its  energy  in  the  plastic 

scintillator,  since  the  anticoincidence  circuit  eliminates  from  analysis 

all  events  giving  simultaneous  pulses  in  both  the  plastic  and  Csl  scintillators. 

(The  pulse  height  would  also  have  to  be  larger  than  the  instantaneous  value 

of  the  sweep  voltage  used  for  pulse  height  analysis  ).  Figure  15  gives, 

on  the  basis  of  data  from  Selinger  (1955),  the  percentage  of  electrons  of 

2 

various  energies  that  are  stopped  in  40  mg/cm  of  A1  (similar  enough  to 
plastic  for  the  purposes  of  the  present  discussion  ).  Included  in  the 
figure,  along  the  electron  energy  scale,  are  the  proton  energies  for  which 
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equivalent  pulses  are  produced  in  the  plastic  scintillator  on  the  basis  of 
the  electron-proton' energy  equivalence  illustrated  in  the  curve  of  Figure  16. 
Figure  IS  indicates  that  for  sweep  voltages  corresponding  to  proton  energies 
above  1.  5  Mev,  which  was  the  lower  limit  of  the  range  of  operation  of  the 
proton  spectrometer,  no  more  than  10%  of  the  present  electrons  should  be 
counted  if  the  anticoincidence  circuits  were  functioning. 

Figure  17a  contains  schematic  curves  of  proton  spectrometer  unidirec¬ 
tional  intensities  above  2  Mev  in  the  inner  belt.  Figure  17b  gives  intensities 
of  electrons  above  1  Mev  for  the  same  region  (reproduced  from  Appendix  A) 
for  comparison.  Since  energy  spectra  in  the  inner  belt  are  rather  flat 
(e-folding  in  about  1  Mev),  the  electron  intensities  of  Figure  17b  are  close  to 
those  of  electrons  above  0. 7  Mev  which  are  approximately  equivalent  to 
protons  above  2  Mev  (Figure  16).  Comparing  Figures  17a  and  17b  we  see  that 
if  less  than  10%  of  the  electrons  are  counted  we  have  no  significant  electron 
contamination  of  the  proton  results.  However,  if  the  anticoincidence  circuit 
failed  and  substantially  more  electrons  are  counted,  significant  contribution 
of  electrons  to  the  proton  spectrometer  counting  rate  could  have  resulted.  If 
this  were  truly  the  case,  however,  it  is  hard  to  explain  the  marked  difference 
in  shape  of  the  electron  and  proton  intensity  curves  for  X  =  0°  and  X  =  10° 
unless  the  electron  energy  spectrum  at  the  low  energy  end  is  radically 
different  in  various  inner  belt  regions. 

A  similar  argument  can  be  conducted  regarding  the  outer  zone. 

Figures  18a  and  18b  give  intensity  curves  of  protons  over  2  Mev  and 
electrons  over  1  Mev  in  the  outer  zone.  Figures  19a  and  19b  give  proton 
and  electron  energy  spectra  in  the  outer  belt.  From  Figures  18  and  19  we  see 
again  that  if  all  electrons  were  counted  in  the  proton  spectrometer,  instead  of 
5  to  10  percent,  as  expected  from  Figure  15,  significant  contamination  of 
proton  data  by  electrons  would  have  resulted. 
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Fig.  17a  Protons,  >2  Mev,  Inner  Belt  (Unidirectional  Intensities  at  90°) 
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Fig.  19b 


Protons,  1-4  Mev,  Outer  Zone  Energy  Spectrum  for  Comparison 


Tht  anticoincidence  circuit  is  triggered  by  pulses  occurring  in  the 
Csl  crystal.  As  calculated  in  the  next  section  in  connection  with  the 
high  energy  channel  of  the  proton  spectrometer,  bremsstrahlung  from 
electrons  above  1  Mev  hitting  the  shielding  might  have  caused  up  to 

g 

5x10  pulses /sec  in  the  Csl  crystal  in  the  heart  of  the  inner  belt. 

Since  the  anticoincidence  circuit  is  normally  effective  for  a  period  of  the 
order  of  one  microsecond  after  each  pulse,  and  then  is  dead  for  a  time 
of  about  2  microseconds  following,  the  bremsstrahlung  pulse  rate  of 

g 

5  x  10  /sec  would  result  in  totally  suppressing  the  low  energy  channel 
counting  for  about  1/3  of  the  time  while  allowing  it  to  be  free  from  any 
anticoincidence  requirement  for  the  remaining  2/3  of  the  time.  Thus, 
we  conclude  that  the  anticoincidence  circuit  was  essentially  incapacitated 
in  the  high  intensity  portion  of  the  inner  belt,  merely  introducing  a  factor 
of  approximately  2/3  on  the  pulse  rate  counted  in  the  plastic  scintillator. 

Another  way  in  which  electrons  that  penetrate  the  plastic  scintillator 
may  fail  to  trigger  the  anticoincidence  circuit  is  by  being  backscattered  out 
of  the  Csl  crystal  before  they  deposit  ift  it  a  large  enough  amount  of  energy. 
From  Brinkhoff  (pp.  131  -  132)  it  can  be  estimated  that  for  Csl  (z  *  54) 
about  60%  of  the  impinging  electrons  around  700  kev  are  backscattered, 
and  more  than  half  of  them  have  deposited  less  than  20%  of  their  energy  in 
the  crystal.  It  is  conceivable  therefore  that  a  substantial  part  of  the  electrons 
that  penetrate  the  plastic  scintillator  may  be  backscattered  by  the  high  Z  Csl 
crystal  before  depositing  enough  energy  to  trigger  the  anticoincidence  circuit. 

From  the  above  discussion  we  conclude  that  in  regions  of  high  electron 
intensities  in  the  inner  and  outer  belt  significant  numbers  of  electrons  may 
not  have  been  rejected  by  the  anticoincidence  circuitry  and  may  therefore  have 
substantially  contributed  to  the  low  energy  proton  spectrometer  counting  rates. 
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2.  5  Proton  Scintillation  Spectrometer:  High  Energy  Channel 


The  output  intensities  obtained  from  the  high-energy 

channel  throughout  the  observation  period  varied  widely  and  continuously 

over  its  output  range,  signifying  that  the  scaler  (scale  of  32)  in  this  circuit 

recycled  an  indeterminant  number  of  times.  The  observed  exceptionally 

high  counting  rates  could  have  been  accidental  coincidences  between 

pulses  in  the  Csl  crystal  and  in  the  plastic  scintillator.  The  geometrical 

2 

factor  (A  A )  for  particles  which  penetrate  the  shielding  is  about  50  cm 

-3  2 

ster  versus  (AA  )  *  10  cm  ster  for  particles  which  enter  through  the 

instrument  aperture.  The  inch  thick  stainless  steel  shielding  can  be 

penetrated  by  protons  above  approximately  100  Mev  (Evans  p.  652).  In 

2  3  2 

the  inner  belt  high  energy  proton  intensities  up  to  10  -  10  protons /cm 

3  4 

sec  ster  have  been  observed  so  that  about  5x10  to  5  x  10  events  /sec 
could  have  occurred  within  the  Csl  crystal  from  this  source. 

Bremsstrahlung  from  electrons  stopped  in  the  shielding  could  also 

lead  to  high  accidental  coincidence  rates.  All  y  -rays  of  energy  greater  than 

2 

about  1  Mev  appreciably  penetrate  the  shielding  (  ~  20  g/cm  of  Fe)  and 
are  then  (with  a  high  probability)  counted  in  the  massive  Csl  crystal. 

(Evans  pp.  713  -  717). 

Due  to  the  relatively  steep  electron  spectra,  most  of  the  bremsstrahlung 

production  will  come  from  electrons  whose  energy  is  around  1  Mev.  Since 

1  Mev  electrons  in  Fe  convert  about  3%  of  their  energy  in  bremsstrahlung 

(Evans  p.  610)  and  an  appreciable  part  of  the  generated  photons  have 

energies  close  to  the  1  Mev  limit  (Evans  pp.  605  -  606)  it  is  reasonable 

-2 

to  estimate  that  about  10  of  the  intensity  of  1  Mev  electrons  will  cause 

events  in  the  Csl  crystal  through  bremsstrahlung.  Since  electron 

3  7  2  2 

intensities  in  this  energy  range  are  about  10  to  10  /cm  sec  ster,  about  5x  10  to 

g 

5  x  10  pulses/sec  can  be  expected  in  the  Csl  crystal  from  bremsstrahlung. 


However,  since  most  of  the  bremstrahlung  events  will  not  deposit 

enough  energy  to  be  recorded  by  the  7.  5  to  120  Mev  pulse  height  analyzer 

circuits,  the  main  contribution  in  the  high  energy  channel  will  be  the 
3  4 

5  x  10  to  5  x  10  pulses/ sec  generated  in  the  Csl  crystal  at  the  heart 

of  the  inner  belt  by  high  energy  penetrating  protons.  With  a  coincidence 

time  resolution  of  the  order  of  a  few  microseconds  the  Csl  would  be 

generating  pulses  about  20%  of  the  time  in  the  freart  of  the  inner  belt. 

The  pulse  rate  in  the  plastic  scintillator  can  be  estimated  from  the 

readings  of  the  low  energy  proton  channel.  Observed  fluxes  reach  up 
8  2 

to  10  /cm  sec  ster  in  the  inner  belt,  with  corresponding  pulse  rates  of 
10^ /sec  in  the  plastic  scintillator.  We  can  expect,  therefore,  accidental 

4 

coincidence  rates  up  to  about  2  x  10  / sec,  equivalent  to  high  energy 

7  2 

channel  intensities  of  about  2  x  10  /cm  sec  ster.  Clearly,  therefore, 

in  the  high  intensity  inner  belt  regions  accidental  coincidences  alone 

5  2 

exceed  the  counting  capacity  of  the  instrument  (0  to  4  x  10  /cm  sec  ster). 
However  in  the  low  intensity  portions  of  the  orbits  counting  rates  should 
b  e  well  within  the  scaler  limits  and  scaler  recycling  should  not  occur. 

Since  no  such  cases  were  observed  it  is  possible  that  some  additional 
factor,  such  as  a  malfunction  in  the  counting  circuit,  may  be  responsible 
for  the  observed  counting  rate  behaviors. 

2.  6  Geiger  Counter 

The  Geiger  counter  output  was  extremely  helpful  in  obtaining 
a  concise  picture  of  the  satellite  passes  through  the  radiation  belts,  and 
as  a  guide  for  the  analysis  of  the  data  from  the  other  instruments.  The 
counting  rates  obtained  showed  the  same  gross  pattern  and  temporal  variations 
as  the  1-4  Mev  electron  data  obtained  from  the  scintillation  spectrometer. 

For  Geiger  tube  shielding  generation  by  4  Mev  electrons  and  a  geometrical 
factor  A  A.  *  1  cm  ster,  quantitative  agreement  with  inner  belt  electron 
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spectrometer  data  is  fairly  good.  Geiger  tube  counting  rates  in  the  outer 
belt  however  appear  higher  (by  factors  of  2  to  10)  than  those  expected  from 
the  scintillation  spectrometer  data.  Inner  belt  high  energy  protons  (Mcllwain 
1964)  can  account  for  less  than  one-tenth  of  the  observed  inner  zone  Geiger 
counting  rates,  which  therefore  appear  to  be  due  predominantly  to  penetrating 
electrons.  J 

During  the  latter  half  of  the  50-day  observation  period  a  gradual 
increase  In  Geiger  tube  counting  rates  by  factors  of  2  to  5  was  observed 
without  any  simultaneous  marked  change  in  electron  spectrometer  intensity 
levels  or  energy  spectra.  A  possible  cause  of  this  gradual  increase  might 
be  deterioration  of  the  quenching  mechanism  in  the  Geiger  tube. 


BLANK  PAGE 


3.  0  SUMMARY  OF  DATA 


Hitch-hiker  I  data  on  trapped  particles  in  the  radiation  belts  provide 
information  on  perpendicular  intensities,  pitch  angle  distributions,  and 
energy  spectra. 


Perpendicular  Intensity  contour  maps  can  yield  complete  information 
on  pitch  angle  distributions  and  omnidirectional  intensities.  Thus,  on  the 
basis  of  Liouville's  theorem  the  unidirectional  ir.  ensity  j(0,  B,  L)  at  a 
pitch  angle  e  at  a  position  (B,  L)  is  equal  to  the  perpendicular  intensity 
at  the  point  on  the  magnetic  shell  L  where  the  electrons  with  pitch  angle 
6  mirror,  i.  e. , 

i(9,  B.  L)  -  KM0.  ±fe,  t>  -  lA(  ±2f,  L) 


Furthermore  the  omnidirectional  intensity  J(B,  D  at  any  point  can  be 


calculated  by  integrating  the  unidirectional  Intensity  j  over  all  pitch  angles: 

J(B,  L)  =  2w  /  He,  B,  L)  Sine  d0  (2) 


Maps  of  the  perpendicular  intensities  of  electrons  above  1  Mev  in  the 
inner  belt  as  measured  throughout  the  observation  period  are  given  in  Figures 
1  and  3  of  Appendix  A.  These  data  are  plotted  also  on  a  (B,  L)  iso-intensity 
contour  map  in  Figure  20a  for  convenience  in  applying  Equation  (1).  A  similar 
(B,  L)  iso-intensity  contour  is  given  in  Figure  20b  for  the  outer  belt  as  seen 
on  3  July  1963,  a  day  when  outer  belt  intensities  were  highest. 


Figure  21a  and  21b  give  inner  and  outer  belt  (B,  L)  iso-intensity  contour 
maps  of  the  proton  spectrometer  perpendicular  intensities  above  2  Mev. 
re  plotted  from  the  data  of  Figures  17a  and  18a, 
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Fig.  20a  Iso-Intensity  (j  )  Contours  of  Electrons  >  1  Mev  (Typical) 


.40 
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Fig.  20b  Iso-Intensity  (j  )  Contours  of  Electrons  >  1  Mev  Maximum,  <f>  25 
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Fig.  21a  Iso-Intensity  (j  )  Contours  of  protons  >2  Mev  Typical 


.40 
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Fig.  21b  Iso-Intensity  (J  )  Contours  of  Protons  >2  Mev  Maximum,  <|>  25 


Measured  pitch  angle  distributions  given  in  Appendices  A,  B.  C,  and 
D  are  consistent  within  the  accuracy  of  measurement  with  those  derived 
from  the  intensity  contours  using  Equation  (1).  (See  these  appendices  for 
examples. ) 

Spectra  obtained  from  the  scintillation  spectrometers  could  always 
be  fitted  (within  statistical  limitations)  by  an  exponential  energy 
dependence  exp  (-E/Eq).  Tables  I  and  II  summarize  the  ranges  of  spectral 
slopes  Eq  obtained  from  the  spectrometers  in  the  inner  and  outer  belts. 

The  data  of  these  tables,  together  with  the  data  of  Figures  20  and  21,  thus 
allow  determination  of  energy-angle  distributions  for  any  region  of  the  magneto¬ 
sphere  covered  by  the  satellite. 

Measured  electron  spectra  between  0.  7  Mev  and  4  Mev  in  the  inner 

belt  had  slopes  E  close  to  about  1  Mev  (Table  I)  not  much  different  from 

o 

the  fissionlike  spectra  observed  after  the  Starfish  explosion.  In  inner 
belt  regions  where  energy  spectra  could  not  be  obtained  froflp  the  count 
rate  channel  of  the  electron  spectrometer,  the  output  of  the  rate  of  energy 
deposition  channel  of  the  instrument  and  that  of  the  Geiger  counter  were 
consistent  with  exponential  spectral  slopes  E^  around  1  Mev.  Electron 
spectra  obtained  in  the  outer  belt  were  considerably  steeper,  with  exponen-. 
tial  slopes  Eq  around  0.  4  Mev  (Table  I).  In  the  slot  region  (L  *  2  to  3) 
the  electron  spectrometer  yielded  extremely  flat  spectra  between  0.  7  and 
4  Mev  but  this  was  probably  due  to  a  significant  contribution  from  protons 
above  5  Mev  which  penetrated  the  front  shield  through  the  aperture 
proper  of  the  instrument. 

Spectra  obtained  from  the  proton  spectrometer  (Table  II)  have 
exponential  slopes  Eq  in  the  vicinity  of  0.  4  Mev, 
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TABLE  I:  ELECTRON  ENERGY  SPECTRA  (0.  7  to  4  Mev) 

L  >  E  (Mev) 

o 

1.2-1. 3  10-16°  0.8 -1.0 

11  3  -  1.  5  20  -  27°  -0.9 

1.  5  -  1.  6  27  -  30°  0.7 -0.9 


OUTER 

3.  5  -  4. 0 

47  -  56° 

0.  3  -  0.  6 

BELT 

4.0  -  5.0 

50  -  62° 

0.  3  -  0.  5 

5.0  -  6.5 

57  -  65° 

0.  3  -  0.  5 

TABLE  II:  PROTON  ENERGY  SPECTRA  (1.  5  to  4  Mev) 


L 

* 

E 

o 

INNER 

1.2  -  1.7 

5  -  25° 

0.  30  -  0.  45 

BELT 

OUTER 

4.  5  -  5.  3 

55  -  59° 

U) 

. 

O 

1 

■«r 

• 

o 

BELT 

INNER 

BELT 
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ABSTRACT 


A  survey  of  relativistic  electrons  in  the  Van  Allen  radiation  zones 

was  performed  in  July  and  August  1963  with  instruments  on  board  the 

polar  orbiting  Air  Force  subsatellite  Hitch-hiker  I.  Unidirectional 

intensity  maps,  energy  spectra  and  pitch  angle  distributions  are  presented 

for  electrons  between  0.  7  and  4  Mev.  Peak  inner  belt  intensities  for 

6  2 

electrons  above  i  Mev  were  about  5  x  10  electrons /cm  sec  ster  and  the 

energy  dependence  was  exponential  with  slope  0.  7  <  E  <1.2  Mev.  Outer 

—  o 

belt  intensities  fluctuated  substantially  with  severe  depletions  at  times  of 

magnetic  and  solar  activity,  and  subsequent  recoveries  in  periods  of  a  few 

to  several  days.  Maximum  observed  intensities  of  electrons  above  1  Mev 

5  2 

at  the  horns  of  the  outer  belt  were  about  10  electrons /cm  sec  ster.  Loss 
of  outer  belt  electrons  through  dumping  at  high  latitudes  in  the  Anomaly  was 
detected  at  rates  up  to  2  x  10**  ergs/sec.  Outer  belt  spectra  between  0.7 
and  4  Mev  were  approximately  exponential  with  slope  Eq  =  0. 4  +  0.  1  Mev. 
No  drastic  spectral  changes  were  seen  during  the  observed  time  variations. 
Directly  measured  pitch  angle  distributions  throughout  the  radiation  belts 
were  consistent  with  the  perpendicular  intensity  profiles.  Shifts  in  mirror 
point  distribution  during  time  variations  in  the  outer  belt  did  not  change 
appreciably  the  measured  pitch  angle  distributions. 

* 

Research  funded  wholly  by  the  A:.r  Force  In-house  Laboratory  Independent 
Research  Fund, 
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INTRODUCTION 


The  Mir  Force  Sub-sateilite  Hitch-hiker  I  (1963-25B)  was  launched 
on  I  July  1963  into  a  polar  orbit  of  82. 14°  inclination  with  perigee  at 
326  km  and  apogee  at  4150  km.  The  angle  between  the  ascending  node  of 
the  orbit  and  the  Earth-Sun  line  was  initially  about  63°,  and  regressed  at 
a  rate  of  approximately  -1  ^2°/day.  The  orbital  period  was  133  minutes. 
The  sub-satellite  was  spin  stabilized  at  68  rpm  with  its  axis  of  rotation  at 
an  angle  of  about  25°  to  the  axis  of  the  Earth.  Data  presented  in  this 
paper  were  derived  from  orbits  covering  a  period  of  about  50  days. 

INSTRUMENTATION 

Electrons  in  the  Mev  energy  range  were  measured  by  a  scintillation 
spectrometer.  An  Anton  302  Geiger  counter  was  also  included  in  the  instru¬ 
ment  package  and  provided  additional  reference  information  on  high  energy 
electrons  and  protons. 

2 

The  sensor  of  the  scintillation  spectrometer  was  a  2.  5  g/cm  Pilot 

"B"  plastic  scintillator,  equivalent  to  the  range  of  a  5.  0  Mev  electron  or 

a  55  Mev  proton.  The  plastic  scintillator  was  shielded  on  the  sides  and 

back  with  stainless  steel  against  electrons  of  energy  less  than  about  10 

Mev  and  protons  of  energy  less  than  about  65  Mev.  The  entrance  aperture 

2 

was  shielded  with  50  mg/cm  of  Aluminum,  corresponding  to  the  range  of  a 

200  kev  electron  or  a  5  Mev  proton.  The  amount  of  contamination  of  the 

measured  electron  intensities  by  protons  over  5  Mev  is  well  within  the 

statistical  uncertainty  of  the  data.  The  entrance  aperture  was  calculated 

to  be  a  cone  of  about  25°  FWHM  and  the  total  geometrical  factor  was 
2 

A  A  at  0. 12  cm  ster. 

This  instrument  had  a  "count  rate  channel"  and  a  "rate  of  energy 

deposition  channel".  The  count  rate  channel  yielded  integral  spectral 

information  for  electrons  between  0.  7  Mev  and  4  Mev  and  had  an  absolute 

16  *> 

dynamic  range  of  8  x  10  to  10  particles /cm*'  sec  ster.  The  rate  of  energy 
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deposition  channel  measured  the  power  deposited  in  the  scintillator  by 

electrons  of  energy  greater  than  about  0. 2  Mev.  It  could  accommodate 

much  higher  intensities  than  the  count  rate  channel,  having  a  dynamic 
2  8  2 

range  of  8  x  10  to  8  x  10  Mev /cm  ’  sec  ster. 

Spectral  information  was  derived  by  pulse  height  analysis.  The 
scintillation  pulses  were  fed  to  one  input  of  a  comparator,  the  other  input 
of  which  was  fed  by  a  linear  sweep  of  about  16  sec  period.  The  comparator 
output  signal  repetition  rate  thus  corresponded  to  intensities  of  electrons  of 
energy  greater  than  some  threshold  energy  E  linearly  proportional  to  the 
sweep  voltage.  The  energy  resolution  of  this  instrument  varied  from 
±  15%  at  0. 7  Mev  to  about  +  6%  at  3  Mev.  A  Van  de  Graaff  accelerator  was 
used  in  calibration. 


The  spectrometer  output  was  sampled  6  times /sec  for  the  count  rate 
channel  and  2  times /sec  for  the  rate  of  energy  deposition  channel,  while 
the  satellite  spin  frequency  was  about  1. 1  rotation/ sec.  Thus  pitch  angle 
distributions  with  fair  angular  resolution  could  also  be  obtained.  Two  sets 
of  3  axis  flux  gate  magnetometers  of  different  sensitivities  were  used  for 
aspect  determination. 


The  rate  of  energy  deposition  channel  was  used  to  derive  electron 
intensity  levels  and  pitch  angle  distributions  near  the  heart  of  the  inner 
belt  where  the  count  rate  channel  saturated.  For  an  exponential  integral 
spectrum  J(E)  =  j(0)  exp  (-E/Eo)  the  ratio  of  the  rate  of  energy  deposition 

*E  ^  crn^sec:  ster~  ^  t0  the  intensity  ^  Mev)  is  9lven  in  Table  1  *or 

various  values  of  E  .  For  E  >  0. 5  Mev  the  rate  of  energy  deposition  is 

o  o  — 

roughly  proportional  to  the  flux  of  electrons  above  1  Mev  and  we  have 


approximately: 


!e( 


Mev  » 

cmzsec  ster 


_  .  ,  electrons  » 

J(1  Mev)  (  — j— — .) 


cmzsec  ster 


s 


3 


Mev 

electron 


(1) 
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E*  1.0  ±  0.1  Mev 
JULY-AUGUST 
1963 


ENERGY 

DEPOSITION 

CHANNEL 


TABLE  i 


FACTORS  FOR  CONVERTING  RATE  OF  ENERGY  DEPOSITION  INTO  INTENSITY 


Eq  (Mev) 


-  /  Mev _ v 

£  \  cmz  sec  ster _ 

j(l  Mev)  (el/cmzsec  ster  ) 


0.2 

0.3 

0.4 

0.5 

0.7 

1.0 

1.5 

2.0 

3.0 

5.0 

10.0 

20.0 


23 

7.2 

4.3 

3.4 

2.9 
2.7 

2.3 
3.1 

3.4 

3.9 

4.4 
4.6 
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RESULTS 


Unidirectional  Intensities 

Figure  1  presents  unidirectional  intensities  of  electrons  with 

energy  E  >  1,  0  +  0. 1  Mev  and  pitch  angles  90°  +  10°  in  the  inner  belt. 

Data  obtained  during  the  whole  observation  period  are  presented  in  curves 

B 

of  intensity  vs.  L  at  a  constant  —  or,  equivalently,  at  a  constant 
magnetic  latitude  X ,  defined  by 

1  (1+  3  sin2X)  1/2 

B  ”  cos6X 
o 

5  2 

Above  10  el/cm  sec  ster  the  count  rate  channel  approaches  saturation  and 

the  intensities  given  in  Figure  1  have  been  derived  from  the  energy  deposition 

channel  on  the  basis  of  Equation  1.  This  relation  holds  provided  the  spectrum 

is  not  too  steep  (E  >  0.  5  Mev  for  an  exp  (-E/E  )  spectrum)  which  is  the  case 

o  o 

in  the  inner  belt.  (See  Figure  8  for  example).  In  regions  with  intensities 
within  the  range  of  both  spectrometer  channels,  agreement  between  the  electron 
intensities  measured  by  the  count  rate  channel  and  those  derived  from  the 
rate  of  energy  deposition  is  well  within  the  statistical  scatter  of  the  data. 

In  the  outer  belt,  time  variations  of  one  to  two  orders  of  magnitude 
occurred  during  the  observation  period.  Figure  2a  presents  unidirectional 
intensities  of  electrons  with  energy  E  >  1.  0  +  0. 1  Mev  and  pitch  angles 
90°  +  20°  as  mapped  during  three  orbits  on  3  July  1963,  a  day  when 
intensities  were  high,  and  Figure  2b  is  a  similar  plot  from  2  orbits  on  5  and 
6  July  1963,  while  intensities  were  low  as  a  result  of  a  solar  flare  on 
4  July  1963.  The  effects  of  this  flare  are  further  discussed  later  on. 

On  the  basis  of  the  intensity  curves  of  Figures  1  and  2a,  the  iso¬ 
intensity  contours  of  Figure  3  have  been  constructed  in  the  polar  geomagnetic 

2 

coordinates  X  and  Rs  Lcos  X. (Figure  3a),  and  in  the  coordinates 
B  and  L  (Figure  3b).  The  dotted  line  included  in  Figure  3a  is  the 
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Fig.  A2  Electron  Intensities  in  the  Outer  Belt  at  Various  X 


INNER  BELT!  JULY- AUG  1963 
OUTER  BELT-  3  JULY  1963 


Fig.  A3  Electron  Iso-Intensity  Contours  (E  >  1.  0  ±  0.  1  Mev). 
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INNER  BELT:  JULY- AUG  1963 
OUTER  BELT:  3  JULY  1963 


Electron  Iso-Intensity  Contours  (E  >  1.  0  +,  0.  1  Mev). 


trace  of  the  (R,  X)  surface  which  has  a  minimum  altitude  of  100  km.  This 
line  has  been  constructed  as  the  locus  of  the  maximum  R's  corresponding 
to  given  X's  and  100  km  altitude.  Magnetic  field  calculations  throughout 
this  paper  used  the  Jensen  and  Cain  48 -term  expansion  coefficients. 

For  X  »  20°  -  40°  (L  «  1.3-2.  0)  the  isointensity  contour  of 
Figure  3a  near  the  lowest  limit  of  sensitivity  of  our  instrument  closely 
approaches  the  100  km  minimum  altitude  surface  while  for  lower  magnetic 
latitudes  the  intensity  cutoff  corresponds  to  higher  altitudes.  In  the  outer 
belt  region  for  X  «  55°  to  62°  significant  electron  fluxes  reach  beyond  the 
100  km  minimum  altitude  surface  being  therefore  scattered  in  the  atmosphere. 
This  point  will  be  discussed  in  some  detail  later  on. 

Pitch  Angle  Distributions 

Figure  4  shows  pitch  angle  distributions  obtained  at  various  points 

throughout  the  inner  belt.  Curves  4a,  b,  c  and  d  give  fluxes  of  electrons 

above  1.0+  0. 1  Mev  from  the  count  rate  channel  while  curves  4e,  f,  g  and 

h  give  rate  of  energy  deposition.  For  the  latter  curves  the  equivalent  intensity 

of  electrons  above  1  Mev  is  given  also,  computed  on  the  basis  of  Equation  1. 

The  accuracy  of  the  aspect  determination  ranges  from  a  few  degrees  around 

90°  pitch  angle  to  about  ten  degrees  at  0°  and  180°,  thus  adding  little  to 

the  pitch  angle  uncertainty  due  to  the  25°  field  of  view  of  the  instrument. 

The  dotted  curves  presented  with  the  measured  pitch  angle  distributions 

in  Figure  4  indicate  the  distributions  expected  on  the  basis  of  the  90° 

intensities  of  Figures  1  and  3.  Besides  some  apparent  broadening  of  the 

measured  distributions  to  be  expected  because  of  the  wide  aperture  of  the 

instrument,  a  considerable  background  intensity  within  the  loss  cone  is 

evident  in  each  case  and  most  clearly  in  Figures  4a  and  4e.  This  background 

is  very  likely  due  to  electrons  of  energy  above  10  Mev  and/or  protons  above 

65  Mev  which  penetrate  the  shielding  around  the  scintillator.  Since  the 

2 

geometrical  factor  for  such  penetration  is  approximately  4.  5  cm  x  2  n  ster  a 

O  9 

28  cm  ster  versus  AA  «  0, 12  cm  ster  for  the  entrance  aperture  of  the 
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Fig.  A4  Electron  Fitch  Angle  Distributions  in  the  Inner  Belt  (E  >  1.  0  +  0.  I  Mev). 


instrument,  the  background  can  be  the  result  of  a  250  times  lower  average 

intensity  of  penetrating  particles*  Observed  backgrounds  range  from 
4  5  2 

10  to  3  x  10  /cm  sec  ster  so  that  penetrating  particles  must  have  intensities 

2 

of  about  50  to  1000/cm  sec  ster.  High  energy  protons  are  present  in  the 
inner  belt  in  comparable  intensities  (e.g. ,  Mcllwain  1963).  Furthermore, 
extrapolation  of  observed  electron  spectra  suggests  presence  of  electrons  above 
10  Mev  in  comparable  intensities  as  well. 

Figure  5  gives  pitch  angle  distributions  for  various  levels  of  the 
threshold  energy  at  the  same  point  in  space.  The  shape  of  the  distribution 
is  similar  for  all  energy  levels  while  the  background  within  the  loss  cone 
shows  little  energy  dependence,  as  expected  if  it  is  indeed  due  to  high 
energy  penetrating  particles. 


0  60  120  180  0  60  120  180° 
PITCH  ANGLE 


Fig.  AS  Electron  Pitch  Angle  Distributions  at  Various  Threshold  Energies. 
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Some  equatorial  pitch  angle  distributions  derived  from  the  90° 
intensity  contours  of  Figures  1  and  3  are  given  in  Figure  6.  Directly 
measured  pitch  angle  distributions  near  the  magnetic  equator  covered  only 
a  narrow  range  of  pitch  angle  since  the  orientation  of  the  spin  axis  of  the 
satellite  was  almost  parallel  to  B  in  these  regions. 


PITCH  ANGLE 


Fig.  A6  Equatorial  Pitch  Angle  Distributions  Derived  from  Electron  Intensity  Contours  at 

Various  L  (E  >  1.  0  +,  0.  1  Mev) 
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Figure  7  shows  typical  pitch  angle  distributions  obtained  in  the  horns 
of  the  outer  belt.  Some  distributions  appear  broader  than  expected  on  the 
basis  of  the  perpendicular  intensities  along  the  magnetic  shell  (dotted  lines). 
The  apparent  broadening  is  consistent  with  the  25°  FWHM  field  of  view  of  the 
instrument  and  the  uncertainty  in  aspect  determination. 
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Fig.  A7  Electron  Pitch  Angle  Distributions  in  the  Outer  Belt. 


Energy  Spectra 

In  the  inner  belt,  the  shape  of  the  measured  spectra  was  usually 
distorted  due  to  the  contamination  by  energetic  particles  which  penetrated 
the  shielding  around  the  scintillator.  In  regions  where  the  loss  cone  was 
large,  as  for  example  in  the  case  shown  in  Figure  5,  it  is  possible  to  identify 
the  portion  of  the  counts  that  comes  through  the  instrument  aperture,  by  the 
fact  that  it  displays  sharp  angular  dependence.  In  order  to  correct  for 
the  omnidirectional  background  due  to  the  penetrating  particles,  the 
unidirectional  intensity  within  the  loss  cone  (j  (E)  )  was  subtracted  from 
the  unidirectional  intensity  at  90°  (j^(E)).  Since  a  large  loss  cone  is 
necessary  to  apply  this  correction  accurately  best  spectra  were  derived 


67 


in  low  altitude  regions  of  the  inner  belt.  Some  corrected  spectra  are 
given  in  Figure  8.  The  measured  inner  belt  spectra  have  approximately 
an  exponential  energy  dependence  exp  (“E/Eq)  w*th  Eq  between  0,7  and 
1,  2  Mev, 

At  higher  altitudes  in  the  inner  belt  some  spectral  information  can 
also  be  obtained  by  comparing  the  intensities  of  electrons  above  1  Mev 
de-ived  from  the  electron  spectrometer,  with  the  intensities  of  electrons 
above  approximately  4  Mev,  derived  from  the  Geiger  counter.  Assuming  an 
exponential  spectrum,  values  of  Eq  obtained  in  this  manner  are  found  to 
be  in  the  same  range  with  those  measured  with  the  electron  spectrometer 
at  lower  altitudes  in  the  inner  belt. 


ENERGY  (Mev) 


Fig.  A8  Electron  Integral  Energy  Spectra  in  the  Inner  Bell. 
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Figure  9  shows  a  typical  outer  belt  electron  integral  energy  spectrum 

between  0.7  and  4  Mev  derived  from  the  scintillation  spectrometer.  The 

£ 

spectrum  has  approximately  an  exponential  dependence  exp  (-  —  )  with 

E  »  0.  4  Mev.  Throughout  the  observation  period  and  in  outer  £elt  regions 
o 

with  high  enough  intensities  for  an  adequate  spectrum  determination,  all 

spectra  obtained  could  be  fitted  with  E  a  0.  4  +  0. 1  Mev. 

o 


0  2  4 

ENERGY  (Mev) 


Fig.  A9  Electron  Integral  Energy  Spectrum  in  the  Outer  Belt. 
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Dumping  of  Electrons  in  the  Anomaly 


As  was  already  pointed  out  in  connection  with  the  isointensity 

contours  of  Figure  3,  the  contour  close  to  the  lowest  limit  of  sensitivity  of 

our  instrument  closely  approached  the  100  km  minimum  altitude  surface  for 

X  -  20°  -  40°  (L  w  1.  3  -  2.  0).  Around  this  region  of  the  inner  belt,  Paulikas 

and  Freden  (1964),  using  an  instrument  with  a  lower  limit  of  sensitivity, 

have  observed  electrons  in  regions  with  minimum  altitudes  such  that 

precipitation  into  the  atmosphere  occurs  in  the  Anomaly. 

A  similar  situation  exists  at  times  in  regions  of  the  outer  belt.  In 

Figure  3  for  X  *  55°  to  62°  significant  electron  intensities  are  measured 

in  regions  with  a  minimum  altitude  below  100  km.  Such  electrons  scatter 

into  the  atmosphere  when  they  reach  the  Anomaly.  Additional  information 

about  electron  intensities  at  altitudes  below  the  levels  reached  by  the 

satellite  is  provided  by  pitch  angle  distributions  obtained  during  the  low 

satellite  passes.  Two  such  pitch  angle  distributions  are  shown  in  Figure  10. 

For  each  pitch  angle  the  R  and  X  coordinates  of  the  corresponding  mirror 

point  are  given.  Also  the  approximate  minimum  altitude  h  .  that  the 

min 

electrons  at  this  pitch  angle  will  reach  is  indicated  in  the  figure.  For  the 

largest  part  of  the  shown  pitch  angle  distributions,  h  .  is  negative  show- 

min 

ing  clearly  that  precipitation  into  the  atmosphere  will  occur.  The  dumping 
of  electrons  between  X  ~  55°  and  62°  was  observed  also  on  days  of  low 
intensity  levels  in  the  outer  belt.  In  the  case  of  Figure  10b  for  instance, 
the  electron  intensities  in  all  shells  with  L  >  ~  5  were  one  to  two  orders 
of  magnitude  below  the  highest  intensity  levels  recorded  during  the  observa¬ 
tion  period  (Figure  2a). 

On  the  basis  of  the  information  on  intensity  levels  and  pitch  angle 
distributions  derived  from  Figures  3  and  10a,  the  loss  rate  from  dumping 

in  the  Anomaly  of  electrons  above  1  Mev  was  computed  to  be  approximately 

17  11 

2  x  10  electrons /sec  or  about  2  x  10  ergs /sec. 
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j  (E,0)  (electrons/cm2sec-ster) 


Outer  Belt  Time  Variations 


During  the  present  observation  period  large  time  variations  which 

correlated  with  solar  and  geomagnetic  activity  were  observed  in  the  outer 

belt.  A  summary  plot  of  intensity  levels  at  L  »  5,  X  «  60°  is  given  in 

Figure  11.  The  occurrence  of  solar  flares  and  daily  values  of  the  magnetic 

variation  A  (Lincoln,  1963a  and  b)  are  displayed  in  the  same  figure. 

P 

In  the  cases  of  the  intensity  decreases  around  4  July,  17  July, 

30  July  and  19  August  1963,  sudden  increases  in  A  had  occurred  at  about 

P 


3  JULY  1963 


15  AUG  1963 


0°  60°  120°  180° 
PITCH  ANGLE 


Pig.  A10  Electron  Pitch  Angle  Distributions  At  Low  Altitudes  in  the  Outer  Belt. 
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the  time  of  the  fall  in  intensity.  Solar  flares  had  been  observed  in  three  of 
these  four  instances.  The  intensity  decrease  during  the  magnetically  quiet 
period  between  10  August  and  17  August  occurred  gradually  with  a  simultaneous 
shift  of  the  intensity  peak  toward  lower  L  values.  Following  the  depletions 
of  4  July,  17  July  and  30  July  the  outer  belt  recovered  to  pre-storm  intensity 
levels  with  recovery  times  which  varied  from  a  few  to  about  10  days. 

For  L  <~4  no  significant  time  variations  were  observed  during  the 
observation  period.  The  steep  inner  edge  of  the  outer  belt  (Figures  2  and  3) 
remained  relatively  unchanged  with  time  while  the  outer  part  of  the  belt 
underwent  considerable  variation.  Due  to  the  relative  invariance  of  intensity 
levels  at  the  low  L  edge  of  the  outer  belt,  whenever  the  rest  of  the  belt  was 
depleted  the  intensity  peak  shifted  toward  lower  L  shells. 


Fig.  All  Electron  Intensity  Fluctuations  in  the  Outer  Belt  (E  >  1.  0  0.  1  Mev). 
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jj^tE)  (electrons  /  cm  -sec-ster) 


Fig.  A12  Electron  Intensities  in  the  Outer  Belt  at  Various  Times  Around  the  Solar  Flare  of 


4  July  1963. 


The  depletion  and  recovery  cycle  that  occurred  from  3  July  to  15  July 

1963  will  now  be  examined  in  more  detail.  A  class  1  solar  flare  occurred 

at  0734  UT,  4  July  1963  (4th  quadrant,  8°  latitude,  79°  to  meridian).  Prior 

solar  activity  consisted  of  two  flares  on  28  June  (class  1+  in  quadrant  4, 

class  3  in  quadrant  1)  and  subsequent  activity  consisted  of  a  flare  on 

25  July  (class  1,  quadrant  4).  The  magnetic  variation  A  was  3  on  2  and 

P 

3  July,  went  up  to  14  on  4  July  and  stayed  at  10  -  20  until  10  July;  there  was 
also  Thule  Riometer  activity  on  5  July.  The  occurrence  of  the  flare  will  be 
taken  as  a  time  reference  point  in  the  subsequent  discussion. 

The  change  that  occurred  in  the  intensity  profiles  of  the  outer  belt 
can  be  seen  by  comparing  Figure  2a  (data  obtained  1  hr  to  5  hrs  before  the 
flare)  with  Figure  2b  (25  to  54  hrs  after  the  flare).  Electrons  above  1  Mev 
are  depleted  by  1  order  of  magnitude  at  L  «  4.  5  to  about  two  orders  of 
magnitude  for  L  >  5.5. 

After  the  depletion,  the  electron  intensity  started  to  build  up  again 

until  it  essentially  returned  to  the  pre-storm  level.  The  recovery  process 

is  illustrated  in  Figure  12  where  the  curve  for  X  «  60°  is  followed  from 

about  15  hrs  before  the  flare  until  270  hrs  later.  Provided  that  the  whole 

outer  belt  is  depleted  in  the  same  way  as  the  observed  region  and  with  the 

assumption  of  a  constant  logarithmic  loss  mechanism,  it  is  found  that  a 

13  13 

source  of  electrons  of  the  order  of  10  -5x10  ergs /sec  must  be 

present  in  order  to  account  for  the  observed  recovery  time. 

During  the  observed  time  variations  the  relative  position  of  various 
constant  X  profiles  changed  considerably,  particularly  at  higher  L's,  as 
can  be  seen,  for  instance,  by  comparing  Figures  2a  and  2b.  This  indicates 
that  changes  in  mirror  point  distributions  on  certain  magnetic  shells  occurred 
as  well  as  variations  in  intensity  alone.  Such  changes  should  also  be  evident 
from  the  pitch  angle  distributions  on  those  magnetic  shells.  Unfortunately, 
for  the  regions  where  the  intensity  levels  remained  high  enough  to  permit 
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an  adequate  direct  measurement  of  pitch  angle  distributions  (i.  e. ,  around 
L  ~  4.  5)  no  significant  changes  were  expected  from  the  intensity  profiles. 
Two  such  distributions  obtained  in  about  the  same  region  13  hrs  before  and 
45  hrs  after  the  flare  are  given  in  Figure  13  together  with  the  expected 
distributions  on  the  basis  of  the  intensity  contours.  Although  the  intensities 
are  considerably  different,  the  shape  of  the  distribution  remains  essentially 
unchanged. 


PITCH  ANGLE 


Fig.  A 13  Electron  Pitch  Angle  Distributions  in  the  Outer  Belt  Before  and  After  the  F.»lar 

Flare  of  4  July  1963. 
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Figure  14  shows  electron  integral  energy  spectra  between  0.  7  Mev  and 

4  Mev  in  a  given  region  before  and  after  the  flare  and  during  the  recovery 

period.  The  parameter  E  of  an  exp  (-E/E  )  spectral  shape,  changes  from 

o  o 

about  0.  4  Mev  to  about  0.  3  Mev  after  the  flare  returning  later  to  0.  4  Mev. 

Since  the  very  low  intensity  after  the  flare  reduces  the  accuracy  with  which 

E  can  be  determined,  the  observed  steepening  may  not  be  significant, 
o 


0  2  4  0  2  4 


ENERGY  (Mev) 

Fig.  A14  Electron  Integral  Energy  Spectra  in  the  Outer  Belt  at  Various  Times  Around  the 

Solar  Flare  of  4  July  1963. 
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DISCUSSION 


Electron  intensities  detected  by  Hitch-hiker  I  in  the  inner  belt  during 
July  -  August  1963  were  at  about  the  level  reported  by  Van  Allen  (1964) 
from  Injun  III  data  for  June  1963.  They  are  about  one  order  of  magnitude 
lower  than  electron  fluxes  measured  by  Explorer  XV  around  January  1963 
(Mcllwain  1963)  and  Relay  I  for  May  through  September  1963  (Mcllwain 
et  al. ,  1964).  Electron  data  from  a  low  altitude  polar  satellite  reported 
by  Bostrom  and  Williams  (1965)  for  October  1963  refer  mainly  to  regions 
near  the  steep  edge  of  the  inner  belt  where  comparison  is  rather  difficult, 
although  their  intensity  levels  seem  to  be  comparable  to  the  ones  reported 
here. 

Measured  inner  belt  spectra  with  exponential  slope  0.7  Mev  <Eq  <  1.  2  Mev 
are  not  much  different  from  the  fission  like  spectra  observed  after  the  Starfish 
explosion  (Mozer  et  al. ,  1963,  Brown  and  Gabbe,  1963). 

The  range  of  observed  intensities  for  electrons  above  1  Mev  at  the 

3  5  2 

horns  of  the  outer  belt  was  roughly  10  -  10  electrons /cm  sec  ster. 

Intensities  measured  with  polar  satellites  near  the  horns  of  the  outer  belt 
by  Williams  and  Smith  (1965)  and  Paulikas  and  Freden  (1964)  vary  roughly 
around  the  same  levels,  while  considerably  lower  hard  electron  intensities 
are  reported  by  Armstrong  (1965).  Similar  intensities  for  energetic  electrons 
are  reported  in  outer  belt  regions  closer  to  the  magnetic  equator  by  Frank 
(1965),  Frank,  et  al. ,  (1964),  Frank  et  al. ,  (1963),  and  Hoffman  et  al. ,  (1962). 

The  observed  location  of  the  intensity  peak  at  the  horns  of  the  outer 
belt  was  between  L  »  4. 5  and  6  with  a  very  sharp  and  rather  stable  cutoff 
at  L  *  4.  During  Explorer  7  measurements  (Forbush  et  al. ,  1962)  the  peak 
of  the  outer  zone  at  the  horns  was  considerably  lower,  at  L  *  3  to  5. 

Spectral  data  for  the  outer  belt  electrons  in  the  literature  refer  mostly 
to  the  energy  range  from  about  40  kev  to  1,  6  Mev,  The  steep  spectra 
observed  (Williams  and  Smith,  1965,  Frank  et  al.,  1964,  Paulikas  and 
Freden,  1964,  Mozer  et  al. ,  1963  and  Rosser  et  al. ,  1962)  are  not  incon¬ 
sistent  with  the  0, 7  Mev  to  4  Mev  spectra  reported  in  this  paper. 
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The  directly  measured  pitch  angle  distributions  in  the  inner  and  outer 
belt  are  seen  to  be  consistent  with  the  distribution  derived  from  j  within 
uncertainties  due  to  the  angular  resolution  of  the  instrument  and  the  accuracy 
of  the  aspect  determination  and  the  limitations  imposed  by  the  existent 
omnidirectional  background.  Some  directly  measured  pitch  angle  distributions 
near  the  horns  of  the  outer  belt  are  given  by  Cladis  et  al. ,  1961.  Their 
measurements  were  taken  at  a  lower  altitude  and  consequently  the  distributions 
are  considerably  narrower  than  those  presented  here. 

The  observed  presence  of  energetic  electrons  in  high  latitude  portions 
of  outer  belt  magnetic  shells  that  plunge  into  the  atmosphere  at  the  Anomaly 
is  consistent  with  observations  by  Forbush  et  al. ,  1962  and  Paulikas  and 
Freden  1964.  Based  on  the  data  of  this  paper,  the  estimated  loss  rate  of 
energetic  outer  belt  electrons  due  to  such  dumping  (about  2x10  ergs/sec) 
is  about  two  orders  of  magnitude  smaller  than  the  electron  source  that  is 
estimated  from  the  recovery  time  constants  after  outer  belt  depletions  (about 
10  to  5  x  10  ergs/sec).  Therefore  loss  of  hard  outer  belt  electrons 
through  this  mechanism  must  be  of  minor  importance  in  the  electron  balance 
of  the  outer  belt  compared  to  other  loss  mechanisms  such  as  scattering  into 
the  loss  cone  and  immediate  dumping  into  the  atmosphere  or  escaping  from 
the  trapping  region  through  broken  magnetic  lines  (Dessler  and  Karplus,  1961). 

The  pattern  of  time  variations  observed  in  the  outer  belt  is  consistent 
with  previous  observations  performed  at  high  magnetic  latitudes  as  well  as 
close  to  the  equator.  Observations  near  the  equator  seem  to  agree  on  a 
pattern  of  a  decrease  in  the  intensity  of  energetic  electrons  around  the 
time  of  magnetic  disturbances  by  factors  ranging  from  less  than  10 
(Frank  et  al  1964,  Hoffman  et  al. ,  1962,  Arnoldy  et  al. ,  1960)  up  to  1000 
(Rosser,  1963).  Subsequently  the  intensities  recover  over  a  period  of  a 
few  to  several  days,  often  going  up  to  several  times  the  pre-storm  levels 
(Freeman,  1964,  Frank  et  al. ,  1964,  Hoffman  et  al. ,  1962).  In  the  region 
of  the  horns  of  the  belt  Forbush  et  al. ,  1962  have  observed  about  a  10-fold 
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intensity  decrease  for  L  >  3.  5  at  the  time  of  magnetic  storms  with  a 
simultaneous  increase  at  lower  L's.  Williams  and  Smith,  1965,  observe 
a  rise  of  hard  electron  intensities  a  fev;  days  after  magnetic  disturbances. 

Although  no  major  magnetic  storm  occurred  during  the  present 
observation  period  a  number  of  substantial  depletions  and  subsequent 
recoveries  of  the  hard  electron  outer  belt  component  were  observed, 
associated  with  solar  and  magnetic  activity.  Considering  the  general 
pattern  indicated  by  the  quoted  references  the  observed  intensity  decreases 
in  the  horns  seem  to  be  part  of  a  general  depletion  of  the  energetic  electrons 
in  the  belt  rather  than  mere  redistributions  of  magnetic  shells  in  space. 

The  recovery  times  observed  after  outer  belt  depletions  are  similar 

to  times  mentioned  in  the  quoted  papers.  The  estimated  electron  source 
13  13 

required  (~  10  to  5  x  10  ergs/sec)  would  have  to  arise  from  the  solar 
20 

wind  (~  10  ergs /sec)  with  an  acceleration  mechanism. 

The  integral  electron  spectra  measured  between  0. 7  Mev  and  4  Mev 
are  relatively  constant  in  shape  during  the  observed  time  variations,  with 
possibly  a  slight  steepening  at  the  time  of  the  intensity  drop.  This  is  to 
be  contrasted  with  the  considerable  spectral  steepening  that  occurs  at 
lower  energies  where  the  soft  electron  intensities  actually  increase  at  the 
time  of  the  hard  electron  depletion  (e.  g. ,  Frank  et  al. ,  1964). 

SUMMARY 

Unidirectional  electron  intensities,  integral  energy  spectra,  and 

pitch  angle  distributions  were  obtained  in  the  radiation  belts  during  July 

and  August  1963.  Peak  inner  belt  intensities  for  electrons  above  1  Mev 

6  2 

were  about  5  x  10  electrons /cm  -sec-ster  at  L  ~  1.  3  -  1.  4  at  the 
magnetic  equator.  Inner  belt  spectra  could  be  fitted  with  the  shape 
exp  (~E/Eq),  with  0. 7  <  Eq  <  1.  2  Mev. 
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Outer  belt  peak  intensities  fluctuated  widely  with  maximum  observed 
5  2 

values  around  10  electrons /cm  sec  ster.  Outer  belt  spectra  between 
0. 7  Mev. and  4  Mev  had  exponential  shapes,  with  Eq  «  0, 4  +  0. 1  Mev. 

Pitch  angle  distributions  obtained  throughout  the  radiation  belts  were 
consistent  with  the  observed  perpendicular  intensity  profiles. 

Dumping  of  energetic  electrons  in  the  S.  Atlantic  Anomaly  was 
observed  at  high  latitudes  in  the  outer  belt.  Loss  of  electrons  above  1  Mev 
through  such  dumping  was  of  the  order  of  2  x  1011  ergs /sec. 

Severe  depletions  of  the  hard  outer  belt  electrons  occurred  at  times 
of  magnetic  and  solar  activity.  Subsequent  recoveries  had  time  constants 
ranging  from  a  few  to  about  ten  days.  No  drastic  spectral  changes  between 
0.  7  Mev  and  4  Mev  were  recorded  during  such  time  variations.  Although 
some  changes  in  mirror  point  distributions  along  magnetic  shells  did  occur, 
they  were  not  radical  enough  to  substantially  alter  the  pitch  angle  distributions 
in  the  high  intensity  region  of  the  horns  of  the  outer  belt. 
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ABSTRACT 

Integral  energy  spectra  from  1.5  to  4  Mev  and  pitch  angle  distribu¬ 
tions  of  protons  in  the  radiation  belts  were  measured  using  a  scintillation 
spectrometer  flown  on  Hitch-hiker  I.  The  protons  defined  two  belts,  with 
hearts  at  L  ~  1.  6  and  L  ~  4.  5,  and  a  slot  at  L  ~  3.  0.  The  integral 
spectra  observed  were  all  similar  in  shape,  with  approximately  an  expon¬ 
ential  energy  dependence.  The  spectra  tended  to  be  much  steeper  than 

electron  spectra  in  the  same  energy  range  in  the  inner  belt.  Typical 

8  2 

omnidirectional  intensities  for  energy  E  >  2  Mev  were  10  /cm  sec  at 
(L,  \)~(1.  6,  8°)  and  2  x  10^/cm^sec  at  (L,  A)  "'(4.5,  55°).  Pitch 
angle  distributions  observed  were  peaked  at  90°  and  had  cutoffs  consistent 
with  theory. 
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I 


BLANK  PAGE 


INTRODUCTION 


The  proton  scintillation  spectrometer  flown  on  the  Air  Force  sub- 

2 

satellite  Hitch-hiker  I  (1963-25B)  used  a  "phoswich"  of  40  mg/cm  of 

Pilot  "B"  plastic  scintillator  (corresponding  to  the  range  of  a  5.  3  Mev 

2 

proton  or  a  0.  20  Mev  electron)  on  22.  5  g/cm  of  Csl  (Tf  )  scintillator 
(corresponding  to  the  range  of  a  130  Mev  proton  or  a  50  Mev  electron). 

The  scintillators  were  shielded  on  the  sides  to  prevent  penetration  by 
electrons  of  energies  less  than  50  Mev  and  protons  of  energies  less  than 
about  150  Mev.  The  scintillator  light  shield  was  5000  A  aluminum,  corres¬ 
ponding  to  a  proton  range  of  about  150  kev.  The  pulses  arising  from  energy- 
deposited  in  each  of  the  scintillators  could  be  separated  by  pulse-shape 
discriminating  logic.  Pulses  of  sufficient  amplitude  from  the  plastic  alone, 
in  anticoincidence  with  pulses  from  the  CsI(T!  ),  were  predominantly  due  to 
protons  of  energies  1  to  5.  3  Mev  with  some  contamination  at  lower  energies 
due  to  straggling  electrons.  Because  of  the  thinness  of  the  plastic  scin¬ 
tillator,  electrons  which  stop  in  it  produce  significant  contamination  only 
at  pulse  heights  corresponding  to  protons  of  0.7  Mev  or  less,  which  is 
below  the  energy  range  investigated.  Spectral  information  was  derived  by 
pulse  height  analysis  using  a  comparator  with  a  linear  sweep  of  16  sec. 
period.  The  comparator  output  corresponded  to  fluxes  of  protons  with 
energy  above  the  variable  energy  threshold  defined  by  the  sweep  and  below 
5.  3  Mev,  thus  measuring  integral  proton  spectra  between  approximately 
1.  5  and  4  Mev.  The  energy  resolution  varied  from  about  +20%  at  1.  5  Mev 
to  about  +4%  at  4  Mev,  A  Van  de  Graaff  accelerator  was  used  in  calibration. 

The  entrance  aperture  was  calculated  to  be  a  cone  of  vertex  angle  8° 

-4  2 

and  the  total  geometrical  factor  was  AA  =  8.4  x  10  cm  ster.  The  output 

stage  was  a  logarithmic  count  rate  meter  and  the  absolute  dynamic  range 
4  8  2 

was  1.4  x  10  to  2  x  10  particles/cm  sec  ster.  The  spectrometer  output 
was  sampled  6  times /sec  while  the  satellite  spin  frequency  was  about  1.  1 
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rotation/ sec;  thus  pitch  angle  distributions  with  good  resolution  were  also 
obtained. 

BESULTS- 

Unldirectional  Intensities 

Figure  1  presents  unidirectional  intensities  of  protons  with  energy 
between  2.  0  +,  0.  1  Mev  and  5.  3  Mev  and  pitch  angle  90°  +  10°  for 
various  points  in  the  radiation  belts.  The  data  are  presented  in  curves  of 
perpendicular  intensity  vs.  L  at  a  constant  magnetic  latitude  X  . 

During  the  period  of  observation  the  inner  belt  intensity  levels 
displayed  no  systematic  variations  outside  statistical  fluctuations.  The 
outer  belt  intensities  exhibited  variations  by  factors  of  2  -  5  during  the 
same  period,  following  roughly  the  same  pattern  as  the  variations  of  1  -  4 
Mev  electrons  although  less  drastic.  These  effects  are  discussed  in  a 
subsequent  paper. 

Data  from  several  orbits  between  1  July  and  20  August  1963  have 
been  included  in  the  inner  belt  data  of  Figure  1.  The  data  for  the  outer 
belt  are  taken  from  orbits  25  and  26  of  3  July  1963  when  intensity  levels 
were  rather  high. 


Fig.  B1  Proton  Fluxes  at  Various  X  (E  >  2  Mev). 
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Pitch  Angle  Distributions 


Some  proton  pitch  angle  distributions  obtained  in  the  inner  and 
outer  belt  are  given  in  Figure  2.  The  values  of  the  loss  cone  angle  are 
computed  on  the  basis  of  a  cutoff  at  R  -  1.  14  as  expected  from  atmos¬ 
pheric  scattering.  Uncertainties  in  aspect  determination  range  from  a 
few  degrees  around  90°  pitch  angle  to  about  ten  degrees  at  0°  or  180°, 
being  therefore  of  the  same  order  of  magnitude  as  the  uncertainty  due  to  the 
8°  field  of  view  of  the  instrument. 

It  appears  that  the  inner  belt  distributions  are  somewhat  narrower 

than  expected.  For  example,  in  Curve  B  the  cutoff  pitch  angle  is  about 

o  o 

70  compared  to  a  computed  cutoff  of  53  -  60  .  This  would  roughly 

correspond  to  an  edge  of  the  inner  belt  as  defined  by  the  proton  component 

at  R  *  1.  17  -  1.  19,  that  is  about  200  -  300  km  above  the  limiting  surface 

expected  from  atmospheric  scattering.  The  intensity  curves  of  Figure  1 

seem  to  indicate  a  similar  trend  but  the  data  points  in  the  region  of  the 

edge  are  rather  scarce  so  that  no  definite  conclusion  can  be  drawn. 
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Each  pitch  angle  curve  in  Figure  2  includes  data  points  in  a  narrow 
range  of  threshold  energies  but  similar  curves  are  obtained  for  any  threshold 
energy  between  1.  5  and  4  Mev.  Due  to  the  steepness  of  the  proton  energy 
spectra,  even  a  range  of  0.  2  Mev  in  threshold  energy  contributes  appreciably 
to  the  scatter  of  the  data  points. 

Energy  Spectra 

The  measured  proton  integral  spectra  have  approximately  an  exponential 
energy  dependence  exp  (-E/Eq)  with  Eq  ranging  between  0.  3  Mev  and  0.  4 
Mev.  Some  typical  spectra  are  shown  in  Figure  3  for  points  in  the  inner 
and  the  outer  belt.  Unidirectional  intensities  at  pitch  angle  90°  +.  10° 
are  included  in  these  graphs.  The  spectra  give  the  intensities  of  protons 
between  a  threshold  energy  and  5.  3  Mev  vs.  the  threshold  energy. 

The  slopes  of  the  spectra  are  essentially  the  same.  It  should  be 
noted,  though,  that  the  regions  in  which  a  complete  1.5-4  Mev  spectrum 
can  be  obtained  are  rather  limited  since,  due  to  the  steep  slope,  a  large 
part  of  the  spectrum  is  below  the  instrument  sensitivity  for  all  but  the  most 
intense  radiation  regions. 


Fig.  B3  Proton  Integral  Energy  Spectra. 
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Comparison  of  Protons  and  Electrons 

Figures  4  and  5  display  proton  and  electron  pitch  angle  distributions 
and  energy  spectra  obtained  simultaneously  in  several  regions  of  space. 

The  proton  pitch  angle  distributions  in  the  inner  belt  appear  to  be  narrower 
than  the  corresponding  electron  pitch  angle  distributions  (Figure  4.  Curves 
A  and  B)  indicating  that  the  proton  intensity  falls  off  at  the  edge  of  the 
inner  belt  at  a  somewhat  higher  altitude  than  the  electron  intensity.  This 
conclusion  should  be  accepted  with  some  reservation  since  the  larger  field 
of  view  of  the  electron  spectrometer  (25°)  would  tend  to  widen  the  apparent 
electron  distribution.  An  additional  distortion  is  brought  about  by  the 
presence  of  a  considerable  background  due  to  energetic  particles  penetrating 
the  electron  scintillator  shielding. 

Comparing  the  electron  and  proton  integral  spectra  (Figure  5)  we  see 
that  the  slopes  are  about  equal  in  the  outer  belt  while  the  proton  spectra 
are  considerably  steeper  in  the  inner  belt.  The  intensity  of  protons  above 
~  2  Mev  is  higher  than  the  intensity  of  electrons  above  the  same  energy 
by  factors  ranging  from  about  3  to  30  in  the  various  regions  of  space. 


Fig.  B4  Electron  and  Proton  Pitch  Angle  Distributions. 
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Fig.  B5  Electron  and  Proton  Integral  Energy 


Discussion 


Some  data  on  protons  in  the  energy  range  examined  in  this  paper  have 

been  given  by  Davis  and  Williamson  (1963),  Bame  et  al. ,  (1963)  and 

Pieper  et  al. ,  (1962).  These  experimenters  mention  intensities  of 
4  5  2 

10  -  10  /cm  sec  ster  in  the  outer  belt  for  protons  above  1  Mev.  These 

levels  seem  to  be  lower  by  about  a  factor  of  ten  than  the  present  data, 

although  the  different  locations  of  the  measurements  as  well  as  variations 

in  the  outer  2one  may  account  for  the  difference.  Bame  et  al. ,  (1963)  give 

5  2 

an  intensity  of  ~  5  x  10  /cm  sec  ster  for  protons  above  -  1  Mev  at  L  *  2.  5 
and  X  *  30°,  which  fits  well  with  our  data.  Unfortunately  they  give  no 
data  for  those  regions  where  we  observed  the  highest  intensities. 

The  integral  spectra  given  by  Bame  et  al. ,  (1963)  and  Davis  and 
Williamson  (1963)  are  very  steep  and  agree  relatively  well  with  the  spectra 
derived  in  this  work,  allowing  for  the  different  locations  and  the  accuracy 
of  the  measurements. 

Proton  data  are  much  more  abundant  in  the  literature  for  energies 

above  30  to  100  Mev,  where  inner  belt  intensities  are  known  to  be  of  the 
2  3  2 

order  of  10  to  10  /cm  sec  ster  with  very  flat  spectra  (e.g. ,  see  Imhof 
and  Smith  1964,  Freden  and  Paulikas  1964,  Valerio  1964,  Naugle  and 
Kniffen  1963,  etc.). 

Summarizing  our  results,  we  observe  that  1.5-5  Mev  protons  are 

7  2 

present  with  maximum  intensities  of  the  order  of  10  /cm  sec  ster  in  about 

the  same  region  as  the  energetic  electrons  in  the  inner  belt,  and  with 

5  2 

relatively  lower  intensities,  up  to  about  5  x  10  /cm  sec  ster,  in  the 
investigated  portion  of  the  outer  belt.  Outer  belt  variations  seem  to 
follow  a  similar  pattern  with  the  variations  of  energetic  electrons  but  are  much 
less  drastic. 

Proton  spectra  are  as  steep  as  electron  spectra  in  the  outer  belt  but 
much  steeper  than  the  electron  spectra  in  the  inner  belt.  They  fit  an 
exponential  form  exp  (-E/Eq)  with  Eq  «  0.  4  Mev.  Proton  pitch  angle 
distributions  are  about  10  narrower  than  expected  from  atmospheric  scatter¬ 
ing  alone  in  the  inner  belt,  and  are  consistent  with  the  computed  loss  cones  in 
the  outer  belt. 
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American  Science  and  Engineering,  Inc. 

Cambridge,  Massachusetts 

•  ABSTRACT 

Omnidirectional  intensities,  pitch  angle  distributions,  and  integral 
spectra  from  energy  E  =  0.  7  to  4  Mev  were  measured  with  a  scintillation 
spectrometer  flown  on  Hitch-hiker  I.  The  electrons  exhibited  the  usual 
two  belt  morphology,  with  inner  belt  heart  at  L  ~  1.  6,  slot  at  L  ~  3.  0, 
and  outer  belt  heart  at  L  ~  4.  5.  Typical  omnidirectional  intensities  for 

CO  n 

E  >  1.  0  Mev  were  4  x  10  /cm  sec  at  (L,  X )  ~  (4.  5,  55  ),  10  /cm-sec  at 

(L,  X)  ~  (3,  45°),  and  3x  106/cm2sec  at  (L,  X)  ~  (1.7,  15°).  For 

3  2  2 

E  >  4  Mev  the  omnidirectional  intensities  were  10  /cm  -sec,  10/cm  -sec 
5  2 

and  10  /cm  -sec  respectively.  The  angular  distributions  observed  all 
had  maxima  in  directions  perpendicular  to  the  field  lines  and  exhibited 
cutoff  angles  consistent  with  theory.  Outer  belt  spectra,  3  <  L  <  7, 
all  had  the  approximate  shape  exp  (— kE)  with  k  of  the  order  of  2.  0  Mev  1 
In  and  below  the  slot,  spectra  were  also  approximately  exponential,  but 
less  steep,  with  0.  6  Mev  1  <  k  <  1,  5  Mev 


★ 
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INTRODUCTION 


The  Air  Force  sub-satellite  Hitch-hiker  I  (1963-25B)  was  iaunched 
on  1  July  1963  into  a  polar  orbit  of  82.  14°  inclination  with  perigee  at 
326  km  and  apogee  at  4150  km.  The  angle  between  the  ascending  node 
of  the  orbit  and  the  earth-sun  line  was  initially  about  63°,  and  regressed 
at  a  rate  of  approximately  -  1  l/2°/day.  The  orbital  period  was  133 
minutes.  The  sub-satellite  was  spin-stabilized  at  68  rpm  with  its  axis 
of  rotation  at  an  angle  of  about  25°  to  the  axis  of  the  earth. 

The  data  to  be  presented  in  this  paper  concern  electrons  of  energy 

0.  7  to  4  Mev  and  were  obtained  from  a  scintillation  spectrometer  using 
2 

a  2.  5  gm/cm  Pilot  "B"  plastic  scintillator,  equivalent  to  the  range  of 

a  5.  0  Mev  electron  or  a  55  Mev  proton.  The  plastic  scintillator  was 

shielded  on  the  sides  and  back  against  electrons  of  energy  less  than  about 

10  Mev  and  protons  of  energy  less  than  about  65  Mev.  The  entrance  aperture 

2 

was  shielded  with  50  mg/cm  of  aluminum,  corresponding  to  the  range  of  a 
200  kev  electron  or  a  5  Mev  proton.  The  amount  of  contamination  of  the 
measured  electron  fluxes  by  protons  over  5  Mev  is  well  within  the  statisti¬ 
cal  uncertainty  of  the  data,  since  estimates  of  proton  intensities  at  that 
energy  from  spectra  obtained  from  a  proton  spectrometer  indicate  proton 
intensities  one  to  three  orders  of  magnitude  below  the  measured  electron 
Intensities. 

Spectral  information  was  derived  by  pulse  height  analysis.  The 
scintillation  pulses  were  fed  to  one  input  of  a  comparator,  the  other  input 
of  which  was  fed  by  a  linear  sweep  of  about  16  sec  period.  The  comparator 
output  signal  repetition  rate  thus  corresponded  to  fluxes  of  electrons  of  energy 
greater  than  some  threshold  energy  E  linearly  proportional  to  the  sweep 
voltage.  The  energy  resolution  of  this  instrument  varied  from  ,+  15%  at  0.  7 
Mev  to  about  +6%  at  3  Mev.  A  Van  de  Graaff  accelerator  was  used  in 
calibration. 
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The  entrance  aperture  was  calculated  to  be  a  cone  of  about  25°  FWHM 

2 

and  the  total  geometrical  factor  was  A  A  *  0.  12  cm  ster.  The  output  circuit 

was  a  logarithmic  count  rate  meter  with  an  absolute  dynamic  range  from 

16  2 
6  x  10  to  10  particles  /cm  -sec-ster. 

The  spectrometer  output  was  sampled  6  titnes/sec,  and  the  satellite 
spin  frequency  was  about  1.  1  rotation/ sec.  Thus  pitch  angle  distributions 
with  good  angular  resolution  could  also  be  obtained.  Two  sets  of  3  axis 
flux  gate  magnetometers  of  different  sensitivity  were  used  for  aspect 
determination. 

RESULTS 

Unidirectional  Intensities 

Figure  1  presents  unidirectional  intensities  of  electrons  with  energy 
E  ^  1,0  +  0.1  Mev  for  various  regions  of  the  radiation  belts.  The  range 
of  pitch  angles  included  was  90°  +  10°  in  the  inner  belt  and  90°  ±  20°  in 

g 

the  outer  belt.  The  data  are  presented  as  intensity  vs.  L  at  a  constant  — 

Bo 

or,  equivalently,  at  constant  magnetic  latitude  X,  defined  by 

B.  _  (1  +  3  sin2X) 

B  cos^X 

o 

For  in  the  inner  belt,  data  from  several  orbits  between  1  July  and 
20  August  1963  are  shown.  The  variations  in  electron  intensities  for  any 
given  X  are  consistent  with  expected  statistical  fluctuations. 

In  the  outer  belt,  time  variations  of  one  to  two  orders  of  magnitude 
occurred  during  the  observation  period.  The  data  included  in  Figure  1  are 
taken  from  orbits  25  and  26  of  3  July  1963  when  the  intensity  level  was 
high.  Time  variations  were  found  to  be  correlated  to  magnetic  disturbances 
and  were  more  pronounced  at  higher  L  shells.  These  effects  are 
discussed  in  a  subsequent  paper. 
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On  the  basis  of  the  intensity  curves  of  Figure  1,  the  isointensity 

contours  of  Figure  2  have  been  constructed  in  the  polar  geomagnetic 

2 

coordinates  X  and  R  =  L  cos  X .  At  the  lower  edge  of  the  inner  belt, 
the  intensity  is  seen  to  fall  rapidly  from  the  upper  to  the  lower  limit  of 
the  range  of  the  instrument  between  R  =  1.20  and  1.  14.  Analogous 
isointensity  contours  in  the  outer  belt  reach  below  R  *  1.  10. 


Fig.  Cl  Electron  Fluxes  at  Various  A  (E  >  1  Mev). 


Fig.  C2  Electron  Iso-Intensity  Contours  (E  >  1  Mev). 
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The  value  of  R  for  which  the  minimum  altitude  is  about  100  km 
varies  from  R  «  1.  10  at  the  magnetic  equator,  increasing  to  R  *  l.  17 
for  X  *  30°  to  50°,  and  decreasing  to  R  =  1.  10  for  X  =  65°.  A  value 
of  R  »  1.  14  is  appropriate  as  the  limit  set  by  atmospheric  scattering 
at  the  low  edges  of  the  inner  and  outer  belt.  The  contours  of  the  inner 
belt  as  shown  in  Figure  1  is  roughly  consistent  with  such  a  limit.  On  the 
other  hand  the  outer  belt  is  seen  to  penetrate  into  regions  of  (L,  X )  which 
at  some  point  around  the  earth  are  at  altitudes  where  the  particles  must 
be  dumped.  (See  also  Forbush  et  al. ,  1962). 

Pitch  Angle  Distributions 

Figure  3  shows  typical  pitch  angle  distributions  obtained  in  the  inner 
and  outer  belt.  The  loss  cone  angles  a  given  in  each  case  are  calculated 
on  the  basis  of  a  cutoff  at  R  «  1.  14.  The  experimentally  observed  cutoff 

b 

angles  are  in  good  agreement  with  the  theoretically  expected  ones.  The 
given  distributions  include  data  for  electrons  over  the  threshold  range 
0.  7  -  1.  0  Mev.  Similar  distributions  are  obtained  for  other  threshold  ranges 
between  0.  7  and  4  Mev.  The  accuracy  of  the  aspect  determination  ranges  from 
a  few  degrees  around  90°  pitch  angle  to  about  ten  degrees  at  0°  or  180°, 
thus  adding  little  to  the  pitch  angle  uncertainty  due  to  the  25°  field  of  view 
of  the  instrument. 

In  the  case  of  inner  belt  distributions,  e.g. ,  as  in  Figure  3,  Curve  B, 

there  is  a  considerable  background  intensity  within  the  loss  cone.  This 

background  is  very  likely  due  to  electrons  of  energy  above  ~  10  Mev  and/or 

protons  over  65  Mev  penetrating  the  shielding  around  the  scintillator.  Since 

2 

the  geometrical  factor  for  such  penetration  is  approximately  4.  5  cm  x  2tt 
2  2 

ster  *  28  cm  ster  against  AA  ~  0.  12  cm  ster  of  the  instrument,  an 

apparent  background  can  be  the  result  of  a  250  times  lower  average  inten- 

4  5 

sity  of  penetrating  particles.  Observed  backgrounds  range  from  10  to  10  / 

2 

cm  sec  ster  so  that  penetrating  particles  must  have  intensities  of  about 
2 

50-  500/cm  sec  ster.  High  energy  protons  (E  >  65  Mev)  are  present  in  the 
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inner  belt  in  comparable  intensities  (e.g. ,  Valerio  i964  Freden  and  Paulikas 
1964,  Imhof  and  Smith  1964  and  Freden  and  White  1959).  Furthermore, 
extrapolation  of  observed  electron  spectra  indicates  the  possible  presence 
of  electrons  over  ~  10  Mev  in  comparable  numbers  as  well. 

In  the  outer  belt,  high  energy  protons  are  not  present  in  substantial 
numbers  and  the  electron  spectra  are  considerably  steeper  so  that  the 
contribution  from  penetrating  particles  is  negligible  and  the  loss  cones  of 
the  pitch  angle  distributions  are  essentially  empty,  as  e.g.,  Figure  3, 

Curve  C. 
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Fig.  C3  Electron  Pitch  Angle  Distribution  (E  >  0. 7  -  1.0  Mev). 
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Energy  Spectra 


Some  typical  integral  spectra  for  different  points  in  the  radiation 
belts  are  displayed  in  Figure  4. 

In  the  outer  belt  the  measured  spectra  have  approximately  an 
exponential  energy  dependence  exp  (“E/Eq)  with  Eq  between  0.  30  Mev 
and  0.  55  Mev  at  various  regions  and  times.  In  the  outer  belt  spectrum 
shown,  Figure  4,  Curve  D,  data  points  with  pitch  angles  of  90°  +_  20°  are 
included  since  the  pitch  angle  distribution  is  flat  in  this  range  as  Figure  3, 
Curve  C  illustrates. 


A-$43I,L*I.2-I.3,X*II*-I5#,  E0*l  Mev 


In  the  inner  belt  the  shapes  of  the  measured  spectra  are  distorted 
because  of  the  contamination  by  energetic  particles  penetrating  the 
shielding  around  the  scintillator.  In  order  to  correct  for  this  background 
the  unidirectional  intensity  within  the  loss  cone  (jQ(E))  was  subtracted 
from  the  unidirectional  intensity  at  90°  (j^(E)  ).  Thus  the  intensity  at 
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pitch  angles  7 5°  -  105°  was  corrected  by  subtracting  the  intensity  of  the 

o  o 

closest  data  point  with  pitch  angle  0-30  or  150  -  18  0  .  Some  spectra 
obtained  in  this  manner  are  given  in  Figure  4  (Curves  A,  B,  and  C).  The 
resulting  spectra  are  again  approximately  exponential  with  Eq  between 
about  0.  7  Mev  and  1.  2  Mev. 

DISCUSSION 

The  intensity  levels  observed  during  the  present  experiment  are  in 

general  agreement  with  previously  available  data.  Maximum  intensities  for 

electrons  5:  1  Mev  in  comparable  regions  of  the  outer  belt  (A  ~  50°  -  65°) 

given  by  Williams  and  Smith  1965,  Paulikas  and  Freden  1964,  and  Mozer 

4  5  2 

et.  al.  1963  range  from  10  to  10  /cm  sec  ster,  in  good  agreement  with 
the  present  data  Similar  maximum  intensity  levels  are  reported  in  outer 
belt  regions  closer  to  the  magnetic  equator  by  Frank  et.  al.  1964, 

Frank  et.  al,  1963,  Hoffman  et  al.  1962,  and  O'Brien  et  al.  1962. 

The  heart  of  the  outer  belt  was  located  at  higher  magnetic  shells, 

(  L  *  4  to  6  ),  than  previously  observed  (L  ®  3  to  5)  e.g. ,  by  Explorer  7 
in  1960  (Forbush  et  al,  1962). 

Whenever  spectral  data  in  the  outer  belt  are  given  (Williams  and  Smith 
1965,  Frank  et  al,  1964,  Paulikas  and  Freden  1964,  Mozer  et  al. ,  1963, 
Rosser  et  al. ,  1962)  they  roughly  agree  with  the  very  steep  spectra  observed 
in  this  experiment,  taking  account  of  the  somewhat  different  energy  ranges 
and  the  accuracy  of  the  data  given  in  the  mentioned  references. 

The  inner  belt  intensity  levels  roughly  agree  with  the  available 

post  Starfish  data  (Paulikas  and  Freden  1964,  Van  Allen  et  al. ,  1963,  and 

5  6  2 

Smith  and  Imhof  1963)  with  a  peak  intensity  of  10  -  10  /cm  ster  sec 
for  electrons  >  1  Mev.  The  spectral  slopes  observed  (0.7  Mev  <  Eq  <  1.2 
Mev)  are  not  much  different  from  those  of  spectra  observed  immediately  after 
the  Starfish  explosion  (Hess  1963,  Mozer  et  al. ,  1963,  Smith  and  Imhof  1963, 
and  Brown  and  Gabbe  1963). 
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Some  directly  measured  pitch  angle  distributions  near  the  horns 
of  the  outer  belt  are  'iven  by  Cladis  et  al. ,  1961.  Their  measurements 
were  taken  at  a  lowe*  altitude  and  consequently  the  distributions  are 
considerably  narrower  than  those  presented  here. 

The  general  picture  emerging  from  our  present  results  can  be 
summarized  as  follows. 

4  5  2 

Peak  intensities  varying  with  time  from  10  -  10  /cm  sec  ster  for 
electrons  above  1  Mev  are  found  in  the  outer  belt.  Spectra  are  steep,  with 
a  shape  exp  (-E/Eq)  where  Eq  varies  from  0.  3  to  0.  55  Mev. 

5  2 

Inner  belt  electron  intensities  exceed  3x10  /cm  sec  ster  for 
E  >  1  Mev.  Energy  spectra  are  less  steep  with  Eq  ranging  from  0.  7  to  1.2 
Mev. 

Pitch  angle  distributions  measured  in  various  regions  of  the  inner 
and  outer  belt  have  cutoffs  consistent  with  the  expected  loss  angles. 


106 


REFERENCES 


1.  Brown  and  Gabbe,  JGR,  68.  607  (1963). 

2.  Cladis,  Chase,  Imhof  and  Knecht,  JGR  6.6  2297  (1961). 

3.  Frank,  Van  Allen,  Whelpley  and  Craven,  JGR  .68.  1573  (1963). 

4.  Frank,  Van  Allen  and  Hills,  JGR  69  2171  (1964). 

5.  Fre den  and  White,  Phys.  Rev.  Let.  .3  9  (1959). 

6.  Freden  and  Paulikas,  JGR  69  1259  (1964). 

7.  Forbush,  Pizzella  and  Venkatesan,  JGR  67  3651  (1962). 

8.  Hess,  JGR  6&  667  (1963). 

9.  Hoffman,  Arnoldy  and  Winckler,  JGR  67.  4543  (19621 

10.  Imhof  and  Smith,  JGR  69  91  (1964). 

11.  Mozer,  Elliot,  Mihalov,  Paulikas,  Vampola  and  Freden,  JGR  68.  641  ( 1963). 

12.  O'Brien,  Laughlin,  Van  Allen  and  Frank,  JGR  67.  1209  (1962). 

13.  Paulikas  and  Freden,  JGR  69  1239  (1964). 

14.  Rosser,  O'Brien,  Van  Allen,  Frank  and  Laughlin,  IGR  67  4533  ( 1962). 

15.  Smith  and  Imhof,  JGR  68.  629  (1963). 

16.  Valerio,  JGR  69.  4949  (1964). 

17.  Van  Allen,  Frank  and  O'Brien,' JGR  68.  619  (1963). 

18.  Williams  and  Smith,  JGR  7  0  541  (1965). 


10- 


This  is  a  preprint  of  a  paper  to  be  presented  at  the  Forty-sixth  Annual 
Meeting  of  the  American  Geophysical  Union  at  Washington,  D.  C.  on 

19  -  22  April  1965. 


ASE-915 


Appendix  D 


EFFECT  OF  A  SOLAR  FLARE  ON  THE  OUTER 
RADIATION  BELT* 


F.  R.  Paolini  and  G.  C.  Theodoridis 

American  Science  and  Engineering,  Inc. 
Cambridge,  Massachusetts 


and 


Ludwig  Katz 

Air  Force  Cambridge  Research  Laboratories 
Bedford,  Massachusetts 


* 

Work  supported 


by  the  Air  Force  Cambridge  Research  Laboratories 


109 


EFFECT  OF  A  SOLAR  FLARE  ON  THE  OUTER 
RADIATION  BELT* 


F.  R.  Paolini  and  G.  C.  Theodoridis 

American  Science  and  Engineering,  Inc. 

Cambridge,  Massachusetts 

and 

Ludwig  Katz 

Air  Force  Cambridge  Research  Laboratories 
Bedford,  Massachusetts 

ABSTRACT 

The  effect  of  the  class  1+  solar  flare  of  0734  UT  4  July  1963  on  0.  7 

to  4  Mev  electrons  and  1.  5  to  4.  Mev  protons  in  the  outer  Van  Allen  belt 

was  observed  by  the  scintillation  spectrometers  flown  on  Hitch-hiker  I.  The 

outer  belt  was  markedly  depleted  by  this  flare;  at  (L,  A)  a  (5,  55°),  electron 

intensities  were  reduced  by  more  than  an  order  of  magnitude  and  proton 

intensities  were  reduced  by  about  a  factor  of  3.  Electron  pitch  angle 

distributions  and  electron  and  proton  spectra  observed  following  the  flare 

and  during  the  recovery  period  were  similar  in  shape  to  those  observed 

before.  Electron  intensities  in  this  belt  approached  the  pre-flare  levels 

with  a  relaxation  time  of  the  order  of  8  days.  If  one  assumes  a  constant 

logarithmic  loss  mechanism  and  a  constant  source  operative  during  the 

13 

recovery  period,  a  source  strength  of  the  order  of  10  erg/ sec  is  implied 
for  electrons  of  energy  exceeding  1  Mev.  The  proton  population  of  the  outer 
belt  recovered  somewhat  more  slowly  than  the  electron  population.  No 
perturbations  in  the  inner  belt,  L  <  3,  were  observed. 


★ 
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BLANK  PAGE 


INTRODUCTION 


The  Air  Force  sub-satellite  Hitch-hiker  I  was  launched  into  a 
near  polar  orbit  with  perigee  at  326  km  and  apogee  at  4150  km  on  1  July 
1963.  The  orbit  crossed  the  inner  belt  and  the  horns  of  the  outer  belt 
(L  *  3.  5  -  8,  X  *  50°  -  65°).  The  penetration  into  the  outer  belt  was 
much  deeper  on  the  sunward  side  of  the  earth  so  that  most  of  the  data 
to  be  presented  have  been  taken  during  local  daytime. 

This  paper  will  examine  time  variations  that  occurred  during  the 

period  around  the  class  1+  solar  flare  of  0734  U.T. ,  4  July  1963  (4th 

quadrant,  8°  latitude,  79°  to  meridian).  This  flare  was  selected  for 

study  since  it  was  well  isolated  in  time.  Prior  activity  consisted  of  two 

flares  on  28  June  (class  1+  in  quadrant  4,  class  3  in  quadrant  1)  and 

subsequent  activity  consisted  of  a  flare  on  25  July  (class  1,  quadrant  4). 

The  magnetic  variation  A  was  3  on  2  and  3  July,  went  up  to  14  on  4  July 

P 

and  stayed  at  10  -  20  until  10  July.  There  was  auroral  activity  on  5  -  6 
July  and  Thule  Riometer  activity  on  5  July. 

The  data  of  this  paper  were  obtained  from  the  electron  and  proton 
scintillation  spectrometers  previously  described.  The  energy  range  was 
0.  7  -  4  Mev  for  the  electron,  and  1.5-4  Mev  for  the  proton,  spectrometer. 
Integral  energy  spectra  and  pitch  angle  distributions  were  obtained  from 
each  instrument. 

RESULTS 

Electron  Variations 

The  profiles  of  the  outer  belt  shortly  before  and  25  to  54  hrs  after 
the  flare  are  shown  in  Figure  1.  The  unidirectional  intensity  of  electrons 
above  1.  0  +  0.  1  Mev  at  pitch  angles  90°  +  20°,  is  plotted  against  L  at 
various  geomagnetic  latitudes  X.  The  obtained  curves  are  constant  X 
"cuts"  through  the  portion  of  the  outer  belt  crossed  by  the  satellite. 
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The  depletion  of  energetic  electrons  is  apparent  only  for  L  >  4 
and  it  ranges  from  about  1  order  of  magnitude  at  L  *  4.  5  to  over  two 
orders  of  magnitude  for  L  greater  than  5.  5.  In  this  way  the  peak  of  the 
belt  is  considerably  shifted  toward  lever  L's. 

After  the  depletion,  the  electron  intensity  started  to  build  up  again 

until  it  essentially  returned  to  the  pre-storm  level.  The  recovery  process 

is  illustrated  in  Figure  2  where  the  curve  for  X  «  60°  is  followed  from  about 

10  hours  before  the  flare  until  270  hrs.  later.  The  peak  intensity  is  also 

traced  through  this  period,  and  the  recovery  is  seen  to  have  a  relaxation 

time  of  about  8  days.  Provided  that  the  whole  outer  belt  is  depleted  in  the 

same  way  as  the  observed  region  and  with  the  assumption  of  a  constant 

logarithmic  loss  mechanism,  it  is  found  that  a  source  of  electrons  of  the 
13  14 

order  of  10  -  10  ergs/ sec  must  be  present  in  order  to  account  for  the 

observed  recovery  time.  Such  a  source  could  only  be  provided  by  the 

20 

solar  wind  (energy  density  -  10  ergs/sec)  combined  with  an  acceleration 
mechanism. 

Electron  pitch  angle  distributions  observed  in  a  given  region  before 
and  after  the  flare,  and  during  the  recovery  period,  all  remained  constant 
in  shape  and  consistent  with  the  expected  atmospheric  cutoff.  Figure  3 
shows  two  such  distributions  taken  13  hrs.  before  and  60  hrs.  after  the 
flare.  Although  the  intensities  are  considerably  different,  the  shape  of 
the  distribution  remains  essentially  unchanged. 

Figure  4  shows  electron  integral  energy  spectra  in  given  regions 
before  and  after  the  flare  and  during  the  recovery  period.  The  spectral 
parameter  Eq  (for  an  exp  (-E/Eq)  energy  dependence)  changes  from 
about  0.  4  Mev  to  about  0.  3  Mev  after  the  flare  returning  later  to  0.  4  Mev. 
Since  the  very  low  intensity  after  the  flare  reduces  the  accuracy  with  which 
Eq  can  be  determined,  the  observed  change  may  not  be  significant. 


114 


(<*;25,26;t:-l4to-5hrs)  U:  43 , 53;  t=  25  to  54hrs)  c 

IOb 


5  6 


F:g.  D1  Electron  Fluxes  In  Outer  Belt  at  Various  X  (E  >  1  Mev). 


-PRE-STORM 

LEVEL 


4  w 

'0  H 


o  /  LB  5-5.5  . 

j  T  X  «  60*  , 

_i _ i. . t,  _i _ J _ lJ  io3 

0  100  200  275 

TIME  (HRS) 

J 

*  ♦'$:  25,60  t.  -14  to-5hrs 

o  *’s  150,151  t=  260-270  hr* 

a  *'$.  75,96  t:  90-|50hrs 

•  *s  43,53  »■  25-54 hr* 


»»  . 

A  io5 


^^:25,t:-l3hr» 

WirV 


7  / 

O'  /•  /f:  'X\: 

l  ?/• 

•  4#*  \J 

i  > 

j  IO3  - *=58,t:60hrs  >: 


L^t  4.1 -4.7  4 

X  «  51*- 54*  1 

E  >  0.7-1. 1  Mtv  ] 

-  _ ui_i _ i _ i _ t _ '  ■  *  i _ I 

0*  60*  120*  180° 

PITCH  ANGLE  (DEGREES) 


Fig.  D2  Electron  Fluxes  in  Outer  Belt  at  Various 
Times  (E  >  1  Mev,  X  *  60°). 


Fig.  D3  Electron  Pitch  Angle  Distributions 
m  Outer  Belt. 


J,(E)-j,  (5.3)  (protons  /cm  -sec-ster) 


Proton  Variation 

The  proton  component  of  the  outer  belt  appears  to  be  affected  to 
a  considerably  smaller  degree  than  the  electrons  by  the  occurrence  of 
the  flare.  The  2  -  5.  3  Mev  proton  intensity  profiles  of  the  outer  belt, 
as  shown  in  Figure  5,  show  variations  by  factors  of  about  2  to  5  above 
L  *  4.  5.  Although  the  measured  proton  intensities  in  the  outer  belt  are 
only  about  an  o;der  of  magnitude  above  the  instrument  limit  of  sensitivity, 
the  qualitative  difference  of  behavior  from  the  energetic  electron  is 
obvious. 

Figure  6  displays  proton  spectra  before  and  after  the  flare,  and 
shows  no  significant  change  in  shape. 
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The  marked  effect  of  solar  flares  and  the  accompanying  magnetic 
disturbance  on  the  outer  radiation  belt  have  been  observed  on  different 
occasions  at  high  magnetic  latitudes  as  well  as  close  to  the  equator. 
Observations  near  the  equator  seem  to  agree  on  a  pattern  of  a  decrease 
in  the  intensity  of  energetic  electrons  (E  >  1  Mev)  around  the  time  of  the 
magnetic  disturbance  by  factors  ranging  from  less  than  10  (Frank  et  al. , 

1964,  Hoffman  et  al. ,  1962,  Arnoldy  et  al. ,  1960)  up  to  1000  (Rosser,  1963). 
Subsequently,  the  intensities  recover  over  a  period  of  a  few  to  several 
days,  often  going  up  to  several  times  the  pre-storm  level  (Freeman,  1964, 
Frank  et  al. ,  1964,  Hoffman  et  al. ,  1962). 

In  the  region  of  the  horns  of  the  outer  belt,  where  the  present 
observations  were  made,  Forbush  et  al. ,  1962,  have  observed  about  a  10 
fold  intensity  decrease  for  L  >  3.  5  while  Williams  and  Smith  (1965)  have 
reported  Increases  after  magnetic  disturbances,  although  their  data  seem  to 
exhibit  some  decrease  in  the  intensity  of  the  hard  electrons  around  the  time 
of  magnetic  distrubances.  Other  flares  and  magnetic  disturbances  which 
occurred  during  the  present  observation  period  (1  July  -  20  August  1963) 
were  rather  clustered  in  time  so  that  a  simple  picture  of  each  case  is  not 
apparent.  A  general  trend,  though,  was  that  whenever  an  abrupt  increase  in 
magnetic  disturbance  occurred  the  energetic  electron  intensities  in  the 
outer  belt  tended  to  drop. 

Considering  the  general  pattern  indicated  by  the  quoted  references, 
the  presently  observed  severe  post-flare  drop  in  intensities  at  the  horns 
of  the  outer  belt  seems  to  be  part  of  a  general  depletion  of  the  energetic 
electrons  in  the  belt  rather  than  a  mere  redistribution  of  magnetic  shells 
in  space. 

Protons  are  seen  to  be  depleted  to  a  much  smaller  degree  than  the 
electrons.  The  relative  constancy  of  the  proton  component  was  noticed  by 
Frank  et  al.  (1964)  while  Davis  and  Williamson  (1963)  reported  some 
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enhancement  of  proton  intensities  in  the  outer  belt  at  the  time  of  a 
magnetic  storm. 

Different  response  of  electrons  and  protons  to  magnetic  disturbances 

might  indeed  be  expected.  It  is  quite  conceivable,  for  instance,  that 

electrons  may  be  depleted  preferentially  over  protons  through  scattering 

into  the  loss  cone  by  means  of  hydromagnetic  wave  interactions.  On  the 

other  hand,  if  particles  are  lost  from  the  belt  through  magnetic  lines  broken 

at  the  periphery  (Dessler  and  Karplus,  1961  and  Anderson  et  al. ,  1965)  the 

percentages  of  electrons  and  protons  lost  from  a  magnetic  tube  would  be 

roughly  inversely  proportional  to  their  respective  mirroring  periods 

(t  a  0.  25  -  0.  4  sec  and  t  *  4  -  6  sec)  as  long  as  the  length  of  time  for 
e  p 

which  the  magnetic  lines  are  broken  is  considerably  smaller  than  the  proton 

period  t  .  Therefore,  again,  many  more  electrons  than  protons  would 
P 

escape  out  of  the  trapping  region. 

The  8  day  recovery  period  observed  after  the  flare  is  equal  or  longer 

than  periods  mentioned  in  the  quoted  papers.  Therefore,  the  calculated 
13  14 

loss  of  about  10  -  10  ergs/sec  represents  a  minimum  estimate  of  the 

required  source  strength.  Cleariy  such  an  electron  supply  would  have  to 

20 

originate  in  the  solar  wind  10  ergs/sec)  coupled  with  an  acceleration 
mechanism  to  account  for  the  observed  spectra. 

The  relatively  constant  shape  of  the  measured  integral  spectra 
as  well  as  the  stability  of  the  obtained  pitch  angle  distributions  are  factors 
that  will  have  to  be  taken  into  account  in  any  explanation  of  the  dynamics 
of  the  outer  belt  response  to  solar  and  magnetic  activity. 
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American  Science  and  Engineering,  Inc. 

Cambridge,  Massachusetts* 

and 

L.  Katz  and  D.  Smart 

Air  Force  Cambridge  Research  Laboratories 
Bedford,  Massachusetts 

ABSTRACT 

Differential  energy  spectra  of  15  to  100  kev  electrons  in  the  Earth's 
magnetosphere  were  obtained  using  an  electrostatic  analyzer  (15%  energy 
resolution)  on  board  the  Air  Force  Satellite  Hitch-hiker  I  (1963-25B).  Pre¬ 
liminary  analysis  of  the  data  shows  that  electrons  of  these  energies  define 
a  single  belt  extending  from  L  less  than  1.  1  to  beyond  7,  with  maximum 
intensities  at  L  approximately  1.  6.  Differential  spectra  (acquired  over  a 
portion  of  the  trajectory  for  which  the  magnetic  field  slowly  increased  from 
0.  24  to  0.  29  gauss)  exhibited  intensity  maxima  in  the  vicinity  of  40  kev  for 
L  less  than  about  4;  in  the  region  4  <  L  <  7,  the  differential  spectra 
decreased  monotonically  from  15  kev. 


Research  sponsored  by  the  Air  Force  Cambridge  Research  Laboratories, 
under  contracts  AF  19  (628)  -  2392  and  AF  19  (628)  -  4207. 
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Introduction 

Interest  in  electrons  of  10 's  of  kev  energy  has  been  stimulated 
by  the  observations  of  O'Brien,  et  al. ,  from  instrumentation  on  Injun  I 
and  III  satellites  [  O'Brien  and  Laughlin,  1962;  O'Brien,  1962;  O’Brien, 

1964]  ,  of  extensive  continuous  precipitation  of  electrons  of  these 
energies  into  the  Earth's  atmosphere.  O'Brien  [  1964]  points  out  that 
if  the  solar  wind  is  the  source  of  these  particles,  then  there  must  be 
an  accelerating  mechanism  for  converting  about  1%  of  the  total  energy 
in  the  average  sclar  wind  into  the  10's  of  kev  energies  of  the  precipi¬ 
tated  particles  and  suggests  that  spectral  studies  of  15  to  100  kev 
electrons  may  provide  information  on  the  accelerating  mechanism.  We 
present  some  data  on  the  intensities  and  differential  energy  spectra  of 
such  electrons  that  confirm  their  widespread  spatial  distribution  and 
further  show  their  spectral  variations  with  the  parameter  L. 

Instrumentation 

The  electrostatic  analyzer  used  a  quadrant  of  a  spherical  capacitor 
;o  whose  plates  a  linear  high  voltage  sweep  was  applied  to  accomplish 
spectral  analysis.  The  transmitted  electrons  were  post-accelerated  and 
detected  in  a  0. 1  cm  tbjck  x  2.  0  cm  diameter  plastic  scintillator  (coated 
with  2000  ft  of  evaporated  aluminum  for  light  shielding)  with  a  photo¬ 
multiplier  (PM).  Electronics  fed  by  the  PM  measured  its. current,  which  was 
linearly  proportional  (after  subtracting  dark  current)  to  the  rate  of  energy 
deposition  in  the  plastic.  Particle  intensities  were  derived  from  this 
quantity  and  the  electron  energy. 

The  energy  to  which  the  flight  analyzer  was  set  at  any  time  was 
found  to  depend  linearly  upon  the  voltages  (of  equal  magnitude,  positive 
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and  negative)  applied  to  the  plates.  An  electron  gun,  variable  from 
5  to  20  kev,  was  used  in  this  calibration.  The  plate  voltage  was 
measured  by  calibrated  circuitry  (the  sweep  monitor)  whose  output 
range  was  compatible  with  the  spacecraft  telemetry  system.  Energy- 
voltage  linearity  above  20  kev  was  assumed  to  derive  the  final  calibration 
curve  expressing  particle  energy  as  a  function  of  sweep  monitor  signal. 

The  flight  instrument  spanned  the  range  10  to  105  kev.  The  resolution 
was  measured  to  be  15  percent  full-width  at  half-maximum  (FWHM)  at 
20  kev  and  was  assumed  constant  over  the  full  range;  the  resolution  function 
dropped  off  very  sharply  beyond  the  half-width. 

The  PM  current  meter,  which  had  a  logarithmic  response,  was 
independently  calibrated  using  a  laboratory  current  source.  The  corres¬ 
pondence  between  rate  of  energy  deposition  and  current  meter  output  was 

determined  originally  by  a  one-point  normalization  which  used  an  accurate!*' 
210 

assayed  Po  source  on  the  unshielded  scintillator.  An  electron  energy 

of  0.  50  Mev  was  taken  to  be  equivalent  in  light  output  to  the  5.  30  Mev 
210 

Po  alpha  particle;  this  relation  holds  for  anthracene  [  Birks,  1954] 

and  was  consistent  with  laboratory  measurements  on  the  plastic  used. 

Another  electrostatic  analyzer,  identical  to  the  flight  instrument,  was  later 

210 

calibrated  using  the  20  kev  electron  gun;  results  agreed  with  the  Po 
calibration  within  the  +.  6  percent  RMS  fluctuations  expected  for  the  flight 
instrument  at  the  same  counting  rate  level.  The  dynamic  range  of  the  flight 

4 

instrument’s  current  meter  corresponded  to  4  x  10  (equivalent  to  the  PM 

10 

dark  current)  to  10*  kev/sec.  The  accuracy  of  the  electron  intensity 
2 

(particles/cm  sec  ster)  derived  from  the  current  meter  signal  varied  from 
a  i  30  percent  RMS  fluctuation  at  very  low  intensities  (because  of  particle 
counting  statistics)  to  a  minimum  of  about  +.  6  percent  RMS  fluctuations  at 
higher  intensities  (because  of  telemetry  limitations) . 
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The  angular  aperture  of  the  flight  analyzer  was  measured  to  be 
o  c 

8  1/2  by  80  (FWHM);  these  values  are  consistent  with  the  theoretical 

values  expected  from  the  spherical  plate  geometry.  The  area  of  the 

entrance  aperture,  determined  by  a  rectangular  hole  in  a  grounded  plane, 

2 

was  1.  18  cm  .  The  transmission  of  the  spherical  capacitor  was  meas¬ 
ured  to  be  95  percent  at  normal  incidence  for  a  mono-energetic  beam  at  the 

proper  energy.  The  net  geometrical  factor  of  the  instrument  was  calculated 
2 

to  be  0.  198  cm  ster  from  these  figures. 


The  electrons  were  post-accelerated  by  10  kev.  Thus  the  rate  of 

) 

energy  deposition  I  (kev/sec)  measured  by  the  instrument  at- an  energy 
E  (kev)  is  related  to  the  detected  electron  energy  differential  counting 
rate  dlVclE  (electrons/sec-kev)  by  the  expression 


I  = 


dEl 


0.  15E  (E  +  10)  dR 
dE 


dR/dE  may  be  related  to  an  average  differential  intensity  <dj/dE> 

2 

(electrons/cm  sec  ster  kev)  by  dividing  by  the  geometrical  factor  of 
2 

0.  198  cm  ster;  the  averaging  is  thus  over  the  pitch  angle  range  spanned 
by  the  fan-shaped  angular  field  of  view  of  the  instrument.  The  resulting 
relation 

<dj/dE>  =  33.7  I  [  E  (E  +  10)]  ’ 1 


was  used  in  the  reduction  of  the  data  of  this  paper. 

The  electrostatic  analyzer  was  one  of  six  particle  detection  instru¬ 
ments  carried  aloft  by  Hitch-hiker  I.  The  other  instruments  are  described 
elsewhere  [  Paolini,  Giacconi,  Waters,  Katz,  and  Smart;  1964]  .  Hitch¬ 
hiker  I  was  launched  from  an  Agena  vehicle  at  0850  PDT,  1  July  1963,  into 
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an  elliptical  polar  orbit  of  82,  14°  inclination.  The  orbital  period  was 
132.  6  minutes.  The  satellite  was  spin  stabilized  at  68  revolutions  per 
minute.  The  data  presented  here  identified  by  "4>25",  were  obtained  from 
orbit  25,  of  4  July  1963.  Apogee  of  4133  km  occurred  at  17°  S  latitude, 
119°  W  longitude,  at  0011:30  Universal  Time  (UT);  perigee  of  340  km 
occurred  at  17°  N  latitude,  45°  E  longitude,  at  0118:00  UT.  Data 
'  identified  by  "4>20"  were  obtained  from  orbit  20  of  3  July,  with  apogee 
at  19°  S  latitude,  81°  E  longitude,  at  1057:00  UT;  and  perigee  at  18° 

N  latitude,  116°  W  longitude,  at  1203:00  UT. 

The  logarithmic  current  meter  signal  was  sampled  at  0-.  133  second 
intervals  over  1.  33  seconds  of  a  2.  00  second  commutator  period.  The 
sweep  monitor  was  sampled  once  per  commutator  period.  The  photo- 
multiplier  high  voltage,  post-acceleration  voltage,  and  B+  '’oltages 
were  also  monitored  to  check  proper  instrument  functioning. 

Data  and  Discussion 

The  raw  data  obtained  were  reduced  by  a  computer  and  printed  out. 
Figure  1  is  a  typical  plot  of  the  rate  of  energy  deposition  as  a  function 
of  Universal  Time  (UT)  given  in  seconds  of  day,  for  <{>25.  The  variation 
in  the  signal  produced  by  the  satellite  spin  is  clearly  evident.  The  most 
surprising  feature  about  this  spin  modulation  is  that  only  one  maximum 
occurs  per  satellite  spin  period.  (The  spin  period  measured  from  telemetry 
radiation  patterns  is  indicated  in  Figure  1. )  This  implies,  since  the 
satellite  spin  precession  was  negligible,  that  the  pitch  angle  distribution 
was  asymmetric  about  90°  and  that  consequently  electron  precipitation 
into  the  atmosphere  must  have  been  occurring. 
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Figures  2  and  3  present  energy  spectra  acquired  from  the  night  portion  of 
4>25,  over  the  time  interval  (approximately)  3340  to  4550  seconds  of  4 
July.  Ephemeris  information  pertaining  to  each  spectrum  is  given  in  Table 
I.  Two  successive  energy  sweeps  were  analyzed  for  each  spectrum 
shown,  covering  a  time  interval  of  about  25  seconds.  The  data  points 
shown  as  open  (first  sweep)  and  filled  circles  (second  sweep)  are  the. 
maximum  values  in  <dj/dE>  that  were  observed  in  each  satellite 
revolution  (corresponding  to  the  points  marked  M  in  Figure  1);  no  inter¬ 
polation  in  <dj/dE>  was  attempted. 
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Fig.  El.  Typical  rate  of  energy  deposition  (kev/sec)  in  the  electrostatic  analyzer 
(filled  circles)  as  a  function  of  time.  The  points  marked  "M"  are  used 
to  define  a  spectrum.  Also  shown  (open  circles)  is  the  energy  of  the 
detected  particles  as  a  function  of  time. 
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Fig.  E2.  Electron  Spectra  obtained  over  the  UT  interval  (approx. )  3340  to  3940 

seconds  of  day,  4  July  1963,  +  25.  (B,  L)  coordinates  vary  from  (0.  235, 
6.9)  for  Spectrum  1  to  (0.  250,  2.  04)  for  Spectrum  S.  The  Spectrum 
Number  refers  to  detailed  ephemeris  Information  given  in  Table  I.  The 
abscissa  is  electron  energy  (kev);  the  ordinates  are  peak  values  of  the 
differential  unidirectional  flux  <d)/dE>  (electrons/cm-sec-ster-kev) 
observed  during  the  satellite  spin  period.  Two  complete  energy  sweeps 
(about  25  seconds  duration)  were  used  to  define  each  spectrum;  points 
obtained  from  the  earlier  sweep  are  shown  as  open  circles  and  those 
from  the  later  sweep,  as  filled  circles.  For  the  explanation  of  other 
features  in  the  figure,  see  the  text. 
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Fig.  E3.  Electron  Spectra  obtained  over  the  UT  Interval  (approx. )  4010  to  4540 

seconds  of  day.  4  July  1963,  +  25.  (B,  L)  coordinates  vary  from  (0.  255, 
1. 80)  for  Spectrum  9  to  (0.  293,  1. 03)  for  Spectrum  15.  Other  features 
are  as  explained  for  Figure  2. 
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The  heavy  dashed  curve  in  Figure  2  indicates  the  <dj/dE>  equiva¬ 
lent  of  the  PM  dark  current  measured  prior  to  launch.  The  light  dashed 
curve  indicates  the  <dj/dE>  corresponding  to  the  minimum  current  meter 
signal  observed  in  the  data  analyzed;  it  therefore  represents  an  upper 
limit  to  the  PM  dark  current  if  one  allows  the  possibility  of  its  changing. 
The  data  points  corrected  for  PM  dark  current  are  indicated  in  Figures 
2  and  3  as  vertical  bars  whose  limits  are  the  differences  between  the 
data  points  and  the  two  dashed  curves.  The  15%  FWHM  energy  resolu¬ 
tion  of  the  instrument  is  indicated  by  the  horizontal  bars  on  the  upper 
abscissae.  Data  points  were  plotted  versus  linearly  interpolated 
values  of  the  energy  E.  Because  of  the  method  of  data  treatment,  the 
scatter  of  the  data  points  is  often  greater  than  the  RMS  fluctuations 
(indicated  in  the  figures  for  sample  points)  expected  a  priori. 


It  is  difficult  to  attach  a  precise  physical  significance  to  <  dj/dE  > 
because  of  the  fan-shaped  segment  of  space  viewed  by  the  analyzer.  If 
the  pitch  angle  0Q  is  defined  with  respect  to  a  vector  n  in  the  center 
of  the  fan,  and  f  is  the  angle  measured  along  the  long  dimension  of  the 
fan  with  respect  to  n  (-/*0  where  f  q  =  40°)  then  the 

analyzer  views  the  range  of  pitch  angles  0  given  by 


cos  0  =  cos  cT  cos  0Q  +  sin  cos  y  (  —  /s/o> 

where  y  is  the  angle  between  the  magnetic  field  and  the  satellite  spin 
axis.  If  the  angular  opening  in  the  analyzer  in  the  direction  normal  to 
the  plane  of/ is  considered  infinitesimal  and  dj/dE,  the  true  unidirec¬ 
tional  intensity,  is  a  function  of  cos  9  only,  then 


<dj/dE>  «  [  2  sin/^  ] 


dE 


(  j  (cos  S  cos  $ 


+  sin  <T cos  y  )  ]  d  sin 


expresses  the  approximate  relationship  between  the  plotted-  <dj/dE> 
and  dj/dE. 
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The  angle  y  (deterr;  ined  from  a  magnetometer)  remained  essentially 
constant  throughout  the  time  each  spectrum  was  acquired  and  the  maxima 
occurred  at  time  intervals  equal  to  the  satellite  spin  period;  the  various 
<aj/dE>  plotted  therefore  correspond  to  the  same  range  of  pitch  angle. 

The  energy  dependence  of  dj/dE  is  thus  investigated  over  an  approximately 
constant  range  of  pitch  angles.  It  is  not  necessarily  legitimate  to  compare 
spectra  obtained  from  widely  separated  regions  of  space,  however,  since 
these  will  not  all  pertain  tc  the  same  range  of  pitch  angles.  The  following 
comments  should  be  taken  with  reservations  in  view  of  these  limitations. 

The  spectra  of  Figures  2  and  3  were  obtained  consecutively  in  time 
as  the  satellite  cut  through  L  shells  at  almost  constant  B  (see  Table  I 
for  precise  information).  Spectra  1,  2,  and  3  show  monotonic  decreases 
in  <dj/dE>  with  increasing  energy  E.  Spectrum  4  shows  <dj/dE> 
relatively  flat  with  energy  below  about  40  kev.  Spectrum  5  indicates  a 


Pig.  E4.  Isometric  representation  of  energy-dlffarentlal  unidirectional  intensity 

<dJ/dE>  as  a  function  of  energy  'L  and  magnetic  shell  L.  The  smoothed 
curves  were  derived  from  selected  spectra  of  Figures  2  and  3.  The  L-axls 
is  not  to  scale.  B  increases  slowly  from  0.  235  gauss  at  L  *  6. 7  to 
0.  29  3  at  L  *  1.03. 
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decrease  in  <dj/dE>  below  about  40  kev.  The  remaining  spectra  all 
exhibit  this  same  characteristic.  As  L  decreases  from  6.86  (Spectrum  1) 
to  1.73  (Spectrum  9),  the  differential  spectrum  above  40  kev  flattens, 
and  the  integral  spectrum  from  40  to  100  kev  increases;  there  is  no  slot 
at  these  energies.  As  L  decreases  from  1.  73  (Spectrum  9)  to  1.  14 
(Spectrum  12),  the  40  to  100  kev  integral  spectrum  decreases. 

Spectrum  14  shows  a  very  sudden  change  over  the  time  of  one  energy 
sweep.  The  qualitative  aspects  of  these  spectra  are  perhaps  more 
evident  in  Figure  4,  which  is  an  isometric  representation  of  <clj/dE> 
as  a  function  of  both  E  and  L. 

Spectrum  15  shows  an  increase  in  <dj/dE>  below  about  20  kev, 
but  this  effect  may  not  be  real.  Penetrating  radiation  (such  as 
bremsstrahiung)  which  produces  a  constant  rate  of  energy  deposition 
(that  is,  independent  of  capacitor  plate  voltage)  in  the  scintillator 
leads  to  an  equivalent  background  spectrum  of  the  same  shape  as 
the  dashed  curves  in  Figure  2.  Such  a  background  is  most  significant 
at  low  energies,  and  could  cause  the  effect  seen  in  Spectrum  15. 

If  one  extrapolates  the  electron  energy  spectrum  (from  the  portion  of 
Spectrum  15  above  40  kev)  in  order  to  calculate  the  rate  of  energy 
deposition  from  bremsstrahiung,  a  value  as  high  as  6  x  105  kev/sec 
could  be  produced,  assuming  that  all  electrons  were  stopped  in  the 
satellite,  and  that  the  resulting  bremsstrahiung  was  unattenuated.  This 
number  is  about  twice  t^3  rate  of  energy  deposition  observed  at  20  kev 
in  Spectrum  15.  Bremsstrahiung  background  cannot  therefore  be  ruled 
out  as  the  cause  of  the  apparent  increase  in  <dj/dE>  below  about 
20  kev.  Other  spectra,  5  and  6,  may  also  have  some  bremsstrahiung 
contamination  at  low  energies. 

High  energy  electrons  which  penetrate  the  shielding  around  the 

analyzer’s  scintillator  are  not  a  likely  cause  of  background.  The 

2  2 

minimum  shielding  is  estimated  to  be  about  5  g/cm  over  2  cm  -ster. 
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Fig.  E5  Electron  Spectra  obtained  over  the  UT  Interval  (approx. )  42030  to  42S00 
seconds  of  day.  3  July  1963.  4  20.  (Bt  L)  coordinates  vary  from  (0.  280. 
4. 68)  for  Spectrum  3'  to  (0. 28S,  1. 70)  for  Spectrum  9*.  The  numbers 
identifying  the  various  spectra  refer  to  detailed  ephemerls  Information 
given  In  Table  II.  Other  features  are  as  explained  for  Figure  2. 
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Fig.  E6  Electron  Spectra  obtained  over  the  UT  Interval  (approx. )  42540  to 

43250  seconds  of  day.  3  July  1963,  4  20.  (B,  L)  coordinates  vary  from 
(0.  283,  1.  59)  for  Spectrum  10  to  (0.302,  1.  12)  for  Spectrum  13".  Other 
features  are  as  explained  for  Figure  5. 
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A  unidirectional  intensity  of  electrons  (of  energies  exceeding  10  Mev) 

2  2 

of  the  order  of  7  x  10  /cm  -sec-ster  would  therefore  be  required  to 
account  for  the  observed  effect.  Such  intensities  at  these  energies 
have  never  been  observed  at  L  *  1.  04,  the  shell  in  which  Spectrum 
15  was  acquired. 

Figures  5  and  6  present  energy  spectra  acquired  from  the  night 
portion  of  4*20,  over  the  time  interval  (approximately)  42030  to  43250 
seconds  of  3  July.  Precise  ephemeris  information  pertaining  to  each 
spectrum  is  given  in  Table  II.  Data  were  treated  in  the  same  way  as  for 
425  data.  Each  spectrum  of  Figures  5  and  6  is  identified  by  a  number 
corresponding  to  the  425  spectrum  which  is  closest  in  L  value.  Corres¬ 
ponding  spectra  differ  in  B  by  as  much  as  16  percent,  in  altitude  by  as 
muchas  30  percent,  and  in  longitude  by  more  than  160°.  For  these 
reasons,  and  for  the  reason  mentioned  earlier  regarding  the  different 
ranges  of  pitch  angle  scanned  by  the  fan-shaped  field  of  view  of  the 
analyzer  in  different  regions  of  space,  corresponding  spectra  cannot  be 
expected  to  agree  in  detail.  In  fact,  3*  and  the  tail  of  4'  are  steeper  than 
3  and  4,  respectively;  and  maximum  intensity  of  6*  is  less  than  that  of  6; 
and  Spectra  10',  11',  12',  13',  and  13"  all  exhibit  maximum  intensities 
greater  than  their  counterparts  by  a  factor  of  roughly  2.  Nevertheless, 
the  qualitative  agreement  between  the  two  sets  of  spectra  from  orbits  a 
half  day  apart  is  striking,  and  attests  to  the  stability  of  the  15  to  100  kev 
radiation  belt. 

Comparison  with  Other  Experiments 

The  State  University  of  Iowa  (SUI)  group  -  Frank,  Laughlin,  O’Brien, 
Rosser  and  Van  Allen,  have  previously  made  measurements  f  O'Brien  and 
Laughlin,  1962;  O'Brien,  Van  Allen,  Laughlin  and  Frank,  1962;  O'Brien, 
1962;  O'Brien,  Laughlin,  Van  Allen  and  Frank,  1962;  Rosser,  O'Brien, 

Van  Allen,  Frank  and  Laughlin,  1962}  from  Injun  I  and  Explorer  XII 
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TABLE  1 


♦  25  EPHEMERA  DATA:  15-100  KEV  ELECTRON  SPECTRA 


_ Initial  Vtluet _ _ _ 1 

Final  Values 

Spectrum 

Time 

(tec) 

Lat. 

(deal 

Long. 

(deal 

Alt. 

(km)  ... 

H 

Time 

_ L**c) _ 

Lat. 

(dea) 

Long. 

(deal 

Alt. 

(km) 

B 

(aauss) 

L 

1 

3346.  3S 

-66.2 

29.6 

1681.6 

0.  235 

6.9 

3371.  37 

-65.0 

30.5 

1643.0 

0.235 

6.5 

2 

3426. 49 

-62.3 

32.2 

1558.4 

0.236 

5.8 

3449.71 

-61.  1 

32.9 

1S22.9 

0.237 

5.  5 

3. 

3S19.S8 

-57.  S 

34.  S 

1417.0 

0.237 

4.74 

3543.  06 

-56.3 

35.0 

1381.7 

0.238 

4.51 

4 

3S97, 50 

-53.4 

36.0 

1300.8 

0.238 

4.01 

3623.00 

-52.0 

36.4 

1263.  3 

0.239 

3.81 

S 

3678. 10 

-48.9 

37.2 

1183.4 

0.239 

3.40 

3703.  10 

-47.5 

37.6 

1147.8 

0.240 

3.23 

6 

3743.  SS 

-45.2 

38. 1 

1090.9 

0.  241 

2.98 

3769. 11 

-43.7 

38.4 

1055.5 

0.  241 

2.84 

7 

3824.  45 

-40.4 

39.0 

980.7 

0.243 

2.54 

3847.91 

-39.0 

39.2 

949.7 

0.  244 

2.43 

8 

3916.41 

-34.9 

39.8 

862.2 

0.248 

2.  14 

3942.01 

-33.3 

40.0 

830.  b 

0.250 

2.04 

9 

4010. 17 

-29.0 

40.5 

750.2 

0.255 

1.80 

4033.  58 

-27.5 

40.7 

723.9 

0.257 

1.73 

10 

4090. 00 

-23.8 

41.1 

663.2 

0.262 

1.58 

4113.39 

-22.2 

41.2 

639.3 

0.  264 

1.52 

U 

4234.  18 

-14.  1 

42.0 

528.4 

0.  272 

1.28 

42S8.29 

-12.5 

42.  1 

S09.0 

0.  274 

1.  24 

12 

4313.09 

-8.7 

42.4 

468.5 

0.  276 

1.  17 

4337. 11 

-7.0 

42.6 

452.3 

0.  278 

1.  14 

13 

4391.94 

-3.  1 

42.9 

419.5 

0.  280 

1.093 

4416.  12 

-1.4 

43.0 

406.6 

0.  282 

1.078 

14 

4444.74 

0.6 

43.2 

392.8 

0.  284 

1.  063 

4469. 02 

2.4 

43.3 

382.3 

0.286 

1.052 

IS 

4511. 13 

5.4 

43.5 

366.9 

0.  290 

1.037 

4535.  57 

7.  1 

43.7 

359.5 

0.  293 

1.030 

Note:  Longitude  Eait  It  ♦ 


TABLE  II 


AJL2  EPHEMERIS  DATA:  15-100  KEV  ELECTRON  SPECTRA 


*  Initial  Values  1 

Final  Values 

Spectrum 

ESI 

Pi 

PI 

■cmai 

Hi 

Ira* 

ff* 

wmm 

Pi 

mm 

ITTW 

mm 

■R 

I. 

mm 

42031.70 

-65.6 

-130.3 

1697. 2 

0.  280 

4.  68 

42055.  14 

-64.  5 

-129.5 

1658.0 

0.  281 

4.37 

42071.89 

-63.7 

-128.9 

1632.  3 

0.  282 

4.  17 

42094.  64 

-62.6 

-128.3 

1597 . 3 

0.  284 

3.91 

42204.  51 

-57.0 

-125.6 

1429.9 

0.  289 

2.97 

42230.  12 

-55.7 

-125.  1 

1391.4 

0.  290 

2.80 

8* 

42366.  06 

-48.  3 

-122.9 

1191.  3 

0.290 

2.  12 

42391.  18 

-46.9 

-122.6 

1155.4 

0.  290 

2.03 

9' 

42473.42 

42.  1 

-121.7 

1040,6 

0.  287 

1.76 

42498.84 

-40.6 

-121.4 

1006.  2 

0.  285 

1.70 

10* 

42541.32 

-38.  1 

-121.0 

949.7 

0.  283 

1.59 

42566,82 

-36.6 

-120.8 

916.6 

0.281 

1.54 

ir 

42731.  62 

-26.2 

-U9.S 

718.8 

0.266 

1.  27 

42755.  04 

-24.7 

-119, 3 

693.2 

0.264 

1.24 

12' 

42824.25 

-20. 1 

-118.9 

621.9 

0.258 

1.  17 

42850.  04 

-18.4 

-118.7 

597.  1 

0.25« 

1.  15 

13' 

43052.  57 

-4.5 

-117.6 

438.5 

0.  259 

1.072 

43076.08 

-2.8 

-117.4 

424.7 

0.262 

1.07  2 

13* 

43225.47 

7.8 

-116.6 

360.  6 

0.  295 

1. 1: 

43248.99 

9.5 

•116.5 

354.5 

0.302 

1.  12 

Note:  Longitude  East  it  4 
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satellites  on  electrons  of  energies  above  40  kev.  Using  a  two-channel 

magnetic  spectrometer,  covering  about  40  to  60  kev  in  one  channel, 

80  to  110  in  the  other,  they  found  [  O'Brien  and  Laughlin,  1962;  O'Brien, 

Van  Allen,  Laughlin  and  Frank,  1962]  that  outer  belt  omni-directional 

intensities,  within  20°  of  the  geomagnetic  Equator,  were  at  most  10® 

particles/cm  sec  and  generally  of  the  order  of  10  particles/cm  sec  in 

these  ranges.  We  can  compare  these  numbers  with  calculations  based  on 

the  data  of  Spectrum  4,  which  represents  our  closest  approach  to  the 

Equator  while  still  in  the  outer  belt.  Assuming  an  isotropic  angular 

distribution,  we  obtain  an  upper  limit  to  the  omni-directional  intensity 

of  about  6  x  10  paxticles/cm  sec  over  the  range  40  to  60  kev,  and 

about  the  same  value  of  the  range  80  to  110  kev.  The  numbers  are  not 

inconsistent  in  view  of  the  limitations  previously  pointed  out.  It  is 

also  interesting  to  note  that  the  maximum  intensities  observed  (Spectrum  9) 

7  2 

lead  to  values  of  about  4  x  10  particles/cm  sec. 

The  SUI  group  also  stated  [  O'Brien  and  Laughlin,  1962]  that  a 
wide  spread  in  spectral  slopes  from  40  to  110  kev  could  be  deduced  from 
their  data  (assuming  a  power  law  spectrum)  and  pointed  out  that  there 
was  a  tendency  to  a  steeper  slope  as  L  increased.  The  data  of  this 
paper,  although  taken  in  different  regiors  of  the  magnetosphere,  support 
this  statement.  The  SUI  group  [  O'Brien  and  Laughlin,  1962;  O'Brien,  1962] 
furthermore  obtained  angular  distributions  of  electrons  of  energy  above 
40  kev  which  conclusively  showed  dumping?  as  mentioned,  the  spin 
modulation  of  the  electrostatic  analyzer  signals  implies  that  dumping 
must  have  been  occurring  during  the  acquisition  of  all  spectra  presented. 

At  1000  km  altitude,  between  magnetic  latitudes  45°  to  75°,  the 
SUI  magnetic  spectrometer  gave  typical  intensities  of  10®  particles/cm^ 
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sec  ster  in  the  40  to  60  kev  [  O'Brien,  Laughlin,  Van  Allen  and  Frank, 

1962]  channel  and  about  half  this  in  the  80  to  110  kev  channel  with 

6  5 

maxima  of  2  x  10  and  8  x  10  ,  respectively.  Taking  the  data  of 

Spectrum  6  (1090  km,  magnetic  latitude  approximately  45°  S),  there 

6  .  2 

results  about  1.  5  x  10  electrons/cm  sec  ster  for  each  range.  The 

values  are  consistent.  We  may  make  some  comparison  with  the  data 

of  the  213  Geiger  tube  flown  on  Injun  I  [  O'Brien,  Laughlin,  Van  Allen 

5  6 

and  Frank,  1962]  which  gave  typical  intensities  of  10  to  10 

2  6 
electrons/cm  sec  ster  with  a  peak  of  4  x  10  ,  for  electrons  of 

energies  exceeding  40  kev.  Again  using  Spectrum  6,  and  fitting  an 

exponential  shape  <dj/dE>  «  1.  3  x  105  exp  (-0.  01E)  above  40  kev, 

6  2 

we  obtain  about  9  x  10  electrons/cm  sec  ster  for  E  >40  kev,  not 
inconsistent  with  their  Geiger  tube  results  in  view  of  the  assumption 
regarding  the  spectrum  shape. 

Remarks 

Our  data  give  for  the  first  time  well -re  solved  electron  spectra 
over  the  range  15  to  100  kev,  and  evidence  of  maxima  in  differential 
energy  spectra  in  the  vicinity  of  40  kev.  Furthermore,  the  spectra 
are  stable  in  a  time  scale  of  the  order  of  a  day.  The  data  on  integral 
fluxes  presented  here  are  consistent  with  similar  data  obtained  by 
other  investigators. 

The  maxima  observed  may  simply  be  representative  of  the  higher 
scattering  cross-sections  for  lower  energy  particles. 

Further  analysis  will  examine  time  variations  in  the  spectra,  especially 
those  obtained  in  the  auroral  regions.  Correlations  with  solar  activity 
will  be  sought.  A  class  3  flare  occurred  on  28  June  and  a  class  1+  on 
4  July  (after  the  data  of  this  paper  were  acquired);  data  from  orbits 
earlier  than  20  and  later  than  25  may  show  significant  changes. 
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